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Visualization experiments, core-scale laboratory experiments, and numerical simulations 
were conducted to examine the transient effect of dilational seismic wave propagation on 
pore fluid pressure in aquifers hosting groundwater that is near saturation with respect to 
dissolved carbon dioxide (CO2) gas. Groundwater can become charged with dissolved 
CO2 through contact with gas-phase CO2 in the Earth’s crust derived from magma 
degasing, metamorphism, and biogenic processes. The propagation of dilational seismic 
waves (e.g., Rayleigh and p-waves) causes oscillation of the mean normal confining 
stress and pore fluid pressure. When the amplitude of the pore fluid pressure oscillation is 
large enough to drive the pore fluid pressure below the bubble pressure, an aqueous-to-
gas-phase transition can occur in the pore space, which causes a buildup of pore fluid 
pressure and reduces the inter-granular effective stress under confined conditions. In 
visualization experiments conducted in a Hele-Shaw cell representing a smooth-walled, 
vertically oriented fracture, millisecond-scale pressure perturbations triggered bubble 
nucleation and growth lasting tens of seconds, with resulting pore fluid overpressure 
proportional to the magnitude of the pressure perturbation. In a Berea sandstone core 
flooded with initially under-saturated aqueous CO2 under conditions representative of a 
confined aquifer, rapid reductions in confining stress triggered transient pore pressure rise 
up to 0.7 MPa (100 psi) overpressure on a timescale of ~10 hours. The rate of pore 
pressure buildup in the first 100 seconds was proportional to the saturation with respect to 
dissolved CO2 at the pore pressure minimum. Sinusoidal confining stress oscillations on a 
Berea sandstone core produced excess pore fluid pressure after the oscillations were 
terminated. Confining stress oscillations in the 0.1-0.4 MPa (15-60 psi) amplitude range 
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and 0.05-0.30 Hz frequency band increased the pore fluid pressure by 13-60 cm of 
freshwater. Co-seismic borehole water level increases of the same magnitude were 
observed in Parkfield, California, and Long Valley caldera, California, in response to the 
propagation of a Rayleigh wave in the same amplitude and frequency range produced by 
the June 28, 1992 MW 7.3 Landers, California, earthquake. Co-seismic borehole water 
level rise is well documented in the literature, but the mechanism is not well understood, 
and the results of core-scale experiments indicate that seismically initiated CO2 gas 
bubble nucleation and growth in groundwater is a reasonable mechanism. Remotely 
triggered secondary seismicity is also well documented, and the reduction of effective 
stress due to CO2 bubble nucleation and growth in critically loaded faults may potentially 
explain how, for example, the June 28, 1992 MW 7.3 Landers, California, earthquake 
triggered seismicity as far away as Yellowstone, Wyoming, 1250 km from the 
hypocenter. A numerical simulation was conducted using Euler’s method and a first-
order kinetic model to compute the pore fluid pressure response to confining stress 
excursions on a Berea sandstone core flooded with initially under-saturated aqueous CO2. 
The model was calibrated on the pore pressure response to a rapid drop and later recovery 
of the confining stress. The model predicted decreasing overpressure as the confining 
stress oscillation frequency increased from 0.05 Hz to 0.30 Hz, in contradiction with the 
experimental results and field observations, which exhibit larger excess pore fluid 
pressure in response to higher frequency oscillations. The limitations of the numerical 
model point to the important influence of non-ideal behavior arising from a discontinuous 
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This study describes experiments and numerical simulations conducted to 
investigate pore fluid pressure buildup due to carbon dioxide (CO2) gas bubble nucleation 
and growth in groundwater in response to seismic wave propagation through a confined 
aquifer. 
At any location on Earth, there is at some depth below the land surface a zone in 
which the void space between individual rock grains and fractures is saturated with water. 
The stratigraphic units containing groundwater are called aquifers, and a vertical interval 
that is saturated with water is called a saturated zone. The potential energy per unit 
volume of water in an aquifer is locally defined by the elevation to which water would 
rise in a vertical pipe with one end open to the aquifer, and one end open to the 
atmosphere. Such a device is called a piezometer, and the height to which the water rises 
is called piezometric head. In some aquifers, the water level in a piezometer rises only to 
the top of the saturated zone, or the top of the aquifer. In such cases, the aquifer is said to 
be unconfined, and the top of the saturated zone is called a water table, provided that 
there are no saturated zones above it. In some cases, the piezometric head in a water-
saturated stratigraphic layer is higher than the top elevation of that layer (Fig. 1). Such a 
stratigraphic unit is called a confined aquifer [Bear, 1988]. Confined aquifers are the 




Figure 1. Conceptual drawing of a confined aquifer overlain by an unconfined aquifer. 
The piezometric head in a confined aquifer is higher than the top of the aquifer. In an 
unconfined aquifer, the piezometric head reaches the top of the aquifer. 
 
Earthquakes radiate seismic waves through the body and along the surface of the 
Earth. Seismic waves can be grouped into two broad classes: compressional and shear 
waves. Compressional waves, also called dilational waves, include Rayleigh and p-
waves, which rarify and compress the Earth’s crust, including the saturated zone, as they 
propagate away from the hypocenter [Lowrie, 1997]. A dilational seismic wave 
propagating through the saturated zone causes the pressure – or piezometric head – in the 
aquifer to oscillate up and down [Cooper et al., 1965]. 
The United States Geologic Survey recorded approximately 30,000 earthquakes 
worldwide each year until 2009, after which earthquakes with magnitudes smaller than 
4.5 are no longer counted, reducing the total to 15,000–22,000 annually. In the United 
States, 2,000–8,500 earthquakes with magnitudes larger than 2.5 are detected each year 
[USGS, 2014]. A histogram plot of the worldwide annual frequency of earthquakes of 








Figure 2. Histogram of the worldwide earthquake magnitude-frequency distribution, 
United States Geologic Survey [USGS, 2014]. 
 
All seismic waves lose energy to friction as they travel, and some types lose 
energy faster than others. Body waves attenuate as r-2 and surface waves as r-3/2, where r 
is the distance to the hypocenter. Seismic wave attenuation results in smaller seismic 
wave effects farther from the epicenter [Lowrie, 1997].  
Groundwater is rarely pure, and often contains dissolved constituents including 
ions representative of the more soluble minerals through which it has flowed, as well as 
dissolved gas species including hydrogen sulfide (H2S), methane (CH4), and CO2 [Appelo 
and Postma, 2010]. 
Carbon dioxide gas in the earth’s crust is abundant and derives from magma and 
metamorphic and biogenic processes [Kerrick, 2001]. Dissolved CO2 is sometimes 

































Brantley, 2000], and volcanic calderas [Farrar et al., 1995; Bergfeld et al., 2006]. Carbon 
dioxide gas that comes into contact with groundwater can dissolve in groundwater, 
transitioning from the gas-phase to the aqueous phase. The quantity of CO2 that can 
dissolve in a fixed volume of groundwater increases with pressure [Spycher et al., 2003]. 
Groundwater that contains all the dissolved CO2 that it can hold at a given pressure and 
temperature is saturated with respect to dissolved CO2. In a saturated solution, an 
increase in pressure would allow a portion of any residual gas-phase CO2 to dissolve, and 
any decrease in pressure can cause some of the dissolved CO2 to exit the solution and re-
enter the gas-phase.  
As an analogy, one may consider a sealed bottle of club soda. The gas trapped at 
the top is CO2, usually at a pressure of about 120 psi [Canada Dry, 2011], and the liquid 
in the container is at the same pressure. At 120 psi, the water can hold a great deal of 
dissolved CO2. When the bottle is opened, the pressure drops rapidly to about 14.7 psi. 
The water cannot hold as much dissolved CO2 at the lower pressure, and dissolved CO2 





Figure 3. Time series images of an initially factory sealed bottle of club soda (a) being 
opened. Small bubbles appear when the seal is broken (b). The bubbles rapidly grow (c, 
d) and ascend (e). Sustained bubble nucleation and growth persists (f) until the aqueous 
solution equilibrates with the atmosphere. 
 
 The club soda in this analogy represents groundwater that is initially saturated 
with dissolved CO2 in a confined aquifer, which suddenly becomes unconfined. In 
reality, confined aquifers don’t suddenly become unconfined, so the analogy must be 
refined. 
One may now consider what happens when a sealed can of club soda is 
vigorously shaken or dropped on a carpeted floor. Impact between the can and the floor 
delivers an impulse to the liquid. The impulse travels as a wave through the liquid, 
alternately lowering and raising the pressure on a very short timescale. The short-duration 
drop in pressure caused by impact between the can and the floor causes CO2 to exit the 
(a) (b) (c) 
(d) (e) (f) 
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solution and form bubbles. The bubbles take up extra space in the can – space that was 
previously shared by the liquid and gas inside. The additional gas displaces and 
compresses the liquid and gas that were initially present, causing the pressure to rise in 
the can. The increased pressure is detectible as a reduction in the pliability of the can’s 
wall, and it’s also detectable when the can is opened and the excess pressure is 
explosively released. 
 To complete the analogy, one might imagine a container that is sealed and packed 
with gravel, with club soda in the space between the gravel grains (Fig 4).  
 
 
Figure 4. A sealed club soda bottle (left) contains liquid and gas phases in equilibrium 
under pressure. Without a separate gas phase, a sealed bottle of club soda containing 




Instead of violently shaking the can, we imagine stretching it in all directions – dilating it 
– so that the volume inside increases, and then squeezing it in upon itself so that the 
volume is smaller than advertised on the label. One can imagine doing this repeatedly so 
that the volume inside the can goes up and down several times and then returns to its 
original volume. Such is the effect of a dilational wave on a three-dimensional volume 
element in an aquifer; the liquid-saturated rock is alternately compressed and dilated, 
causing the liquid pressure in the void space to rise and fall (Fig. 5). 
 
 
Figure 5. Conceptualization of a Rayleigh wave propagating through an aquifer. The 
unperturbed volume elements represented by rectangles undergo compression and 
dilation during Rayleigh wave propagation, which alternately raises and lowers the pore 
fluid pressure through contraction and expansion of the voids between mineral grains. If 
the pore fluid pressure falls below the bubble pressure, dissolved CO2 can transition into 
the gas phase, forming bubbles. After the seismic perturbation ceases, CO2 bubbles 
occupying the pore space compress and displace the liquid phase, resulting in a sustained 
increase in pore fluid pressure. 
 
 Dilational seismic waves cause oscillation of the mean normal confining stress, 







or decrement in confining stress Δσ  on an un-drained liquid-saturated porous medium 
results in a proportional change in pore fluid pressure Δpp , according to the relation 
Δpp = BΔσ , where B is Skempton’s coefficient [Skempton, 1954]. Skempton’s 
coefficient is a property of a liquid-saturated porous rock, which can be expressed in 
terms of the porosity, n, the pore fluid compressibility, cf = −(1 /Vf )(∂Vf / ∂pp ) , the un-
drained bulk compressibility, cb = −(1 /Vb )(∂Vb / ∂σ ) , and the compressibility of the solid 
mineral grains, cs = −(1 /Vs )(∂Vs / ∂σ ) , as B = (cb − cs ) / ((cb − cs )+ n(cf − cs )) , where Vf , 
Vb , and Vs  represent the fluid, bulk, and solid grain volumes, respectively. When the 
confining pressure on the representative volume element returns to its initial value, the 
liquid pressure inside – the piezometric head – is higher than before because gas exited 
the solution, forming bubbles, which take up extra space (Fig. 6).  
 
   
Figure 6. Conceptual drawing showing an increase in piezometric head, expressed as 
borehole water level rise, due to the seismically initiated nucleation and growth of CO2 
gas bubbles in a confined aquifer. 
 
 Evolution of a volume Vg  of gas in the pore space reduces the initial liquid 
volume Vf
o  to Vf
o −Vg , resulting in an increase in pore fluid pressure equal to
Δpp = (−1/ cf )ln(1−Vg /Vf
o ) . The spontaneous head rise caused by the growth of gas 
 9 
bubbles in a confined aquifer reduces the rate of drawdown during an aquifer (pumping) 
test. This effect has been shown to increase the apparent specific storage, 
Ss = ρ f g(cp + ncf ) , during an aquifer characterization test [Yager and Fountain, 2001]. 
The variable cp  in the specific storage expression above is the compressibility of the pore 
space, which is equal to the bulk compressibility cb if the grains are incompressible. 
[Domenico and Schwartz, 1990]. Gas-phase evolution in the pore space changes the 
composition of the pore fluid and also increases the pore fluid compressibility. 
Earthquakes influence water levels in some wells [Liu et al., 1989; Roeloffs et al., 
1995; Woodcock and Roeloffs, 1996; Quilty and Roeloffs, 1997; Roeloffs, 1998; King et 
al., 1999]. Well bore water level oscillation in the 0.05-0.1 Hz range is observed in wells 
completed in highly transmissive aquifers during earthquakes in response to Rayleigh 
waves [Liu et al., 1989; Cooper et al., 1965]. Wellbore water level oscillation occurs in 
wells that are located hundreds of kilometers from the hypocenter [Roeloffs et al., 1996]. 
In some wells, a persistent increase or decrease in water level is observed after cessation 
of seismic forcing. The reduction in water level has been attributed to diffusion of a 
localized pore pressure drop to the wellbore, possibly caused by the mobilization or 
removal of pre-existing gas bubbles in the aquifer [Matsumoto and Roeloffs, 2003]. The 
removal of gas phase may be also caused by dissolution during confining stress 
oscillation peaks. Within a few tens of kilometers of the epicenter, changes in static stress 
can also affect borehole water levels. Numerous reports of persistent co-seismic borehole 
water level changes in wells located hundreds of kilometers from earthquake epicenters 
are reported, and the mechanism by which small amplitude pore fluid pressure 
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oscillations generate lasting changes in water level far from the epicenter is not well 
understood [Brodsky et al., 2003]. While there are a number of possible mechanisms that 
can drive persistent co-seismic borehole water level rises, including co-seismic changes 
in surface discharge, liquefaction [Roeloffs, 1998], dislodging of fine-grained material 
[Rojstaczer et al., 1995; Brodsky et al., 2003], and changes in static strain, it is generally 
agreed that the mechanism responsible is a local increase in pore fluid pressure within a 
few meters or tens of meters of the well [Roeloffs, 1998] caused by seismic waves. The 
present study is the first to hypothesize that the growth of CO2 gas bubbles in confined 
aquifers is the cause of the pressure increase. 
 Earthquakes can remotely trigger secondary seismic events hundreds of 
kilometers away. The June 28, 1992 Mw 7.3 Landers, California, earthquake remotely 
triggered secondary earthquakes at locations including, but not limited to, active 
geothermal and recently (<1My) volcanic areas as distant as Yellowstone, Wyoming, 
1250 km from the hypocenter [Hill et al., 1993]. Like co-seismic borehole water level 
rise, remotely triggered seismicity is linked to an increase in pore fluid pressure that 
reduces effective stress (pressure between individual rock grains) and critical shear stress 
(the minimum threshold shear stress required to overcome static friction and initiate fault 
movement) [Hubbert and Rubey, 1959] in critically loaded faults far from the main 
shock. The timing and location of remotely triggered seismic events is believed to be 
controlled by pore fluid pressure transients generated by the long-distance propagation of 
dilational seismic waves [Hill et al., 1993], and Roeloffs [1998] suggests that co-seismic 
borehole water level rise and remotely triggered seismicity may be related. At distances 
larger than two source dimensions from the epicenter, dynamic stresses are too small to 
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remotely trigger seismicity. Further, persistent induced seismicity in the hours and days 
following the main shock indicates that dynamic stress from Rayleigh wave propagation 
does not directly trigger secondary seismicity [Hill et al., 1993]. While others have 
proposed that a pore fluid pressure increase might be caused by the volatilization of water 
vapor in a magma body by dilational seismic waves [Linde et al., 1994; Jónsson et al., 
2003], the present study is the first to propose that the seismically initiated growth of CO2 
gas bubbles in groundwater located in and near fault zones may constitute a mechanism 
for remotely triggered secondary seismicity. Though magmatic processes drive fluid 
pressures at greater depths, this hypothesis is supported by observations of seismicity 
induced by fluid injection [Ellsworth, 2013], which suggest that brittle failure in the 
shallow crust can trigger fault movement. The reduction of effective stress and critical 
shear stress by CO2 bubble growth in and near a critically loaded fault is depicted in Fig. 
7. 
  
Figure 7. Conceptual drawing of CO2 gas bubble nucleation and growth in and near a 
(sub)critically loaded fault, in response to dilational seismic wave propagation from a 
distant earthquake. Bubble nucleation increases pore fluid pressure, which reduces 
effective stress and critical shear stress required for fault movement. 
 
The present study is aimed at quantifying the transient increase in fluid pressure 
generated by the nucleation and growth of CO2 gas bubbles in a confined aquifer and to 
establish and constrain some of the physical controls on this phenomenon. The study is 
τ < τ critical τ ≥ τ critical
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divided into four chapters. The first chapter describes a visualization study that offers a 
glimpse of the nucleation and growth of CO2 bubbles in a Hele-Shaw cell representing a 
simulated fracture. The second deals with pressure transients resulting from a rapid drop 
in confining stress, or “static stress drop,” in a liquid-saturated Berea sandstone core 
under conditions representative of a confined aquifer. The third interrogates the transient 
fluid pressure response in a liquid-saturated Berea sandstone core resulting from 
sinusoidal oscillations of the confining stress representative of the dynamic stress 
generated by the propagation of a dilational seismic wave through a confined aquifer 
containing water that is near saturation with respect to dissolved CO2. A numerical model 
of the transient pore pressure buildup is developed in chapter four, which highlights the 
limitations of a first-order kinetic approach and the need to include depressurization-rate-
dependence to accurately model the pressure buildup for purposes of risk assessment and 
hazard mitigation. 
This study is aimed at investigation gas phase evolution caused by seismic waves 
in groundwater that naturally contains a high concentration of dissolved CO2, but the 
mechanism has relevance in the geologic storage of anthropogenic CO2, known as carbon 
sequestration or carbon capture storage [Andersen and Newell, 2004]. High 
concentrations of dissolved CO2 in a geologic repository where fluid injection can induce 
local seismicity sets up the potential for seismically initiated gas bubble growth and 
consequent over pressurization of the reservoir. Such an event could compromise the 
integrity of the geologic seal, resulting in a catastrophic release. There is further potential 
relevance in permeability enhancement through hydraulic fracturing. Reports of gas-
phase methane in water wells near hydraulic fracturing operations in natural gas wells 
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[Osborne et al., 2011] indicate a connection, but the mechanism by which gas at several 
kilometers below the land surface arrives in shallow groundwater is unclear. Local micro 
seismicity induced by hydraulic fracturing [Ellsworth, 2013] may cause methane 
dissolved in shallow groundwater to transition into the gas phase, where it more readily 
detected and potentially more mobile than it is as a dissolved species. Further, the 
removal of CO2 from the aqueous phase increases pH, which can increase the rate of 
calicite, precipitation, for example, potentially resulting in changes in water chemistry 
and aquifer porosity. Rapid geochemical changes resulting from the growth of CO2 
bubbles may initiate higher order solubility effects due to mineral dissolution and 
precipitation as well as changes in pH and temperature that can change mobility of metals 
and other constituents of the aquifer mineral skeleton. In this study, the leading order 
effects of CO2 bubble growth in groundwater are examined. The results constitute a first 




Andersen, S., and R. Newell (2004) Prospects for carbon capture and storage  
technologies, Annual Review of Environmental Resources, 29, 109-142, doi: 
10.1146/annurev.energy.29.082703.145619. 
Appelo, C. A. J, and D. Postma (2010) Geochemistry, Groundwater and Pollution, 2nd  
Ed., CRC Press, Amsterdam, The Netherlands. 
Bear, J. (1988) Dynamics of Fluids in Porous Media, Dover Publications Inc., New York,  
United States. Reprint of 1972 Elsevier, Edition. 
Bergfeld, D., W. C. Evans, J. F. Howle, and C. D. Farrar (2006) Carbon dioxide  
emissions from vegetation-kill zones around the resurgent dome of Long Valley 
caldera, eastern California, USA, Journal of Volcanology and Geothermal 
Research, 152, 140-156, doi: 10.1016/j.jvolgeores.2005.11.003. 
Brodsky, E. E., E. Roeloffs, D. Woodcock, I. Gall, and M. Manga (2003) A mechanism  
for sustained groundwater pressure changes induced by distant earthquakes,  
 14 
Journal of Geophysical Research, 108(B8), 2390, doi: 10.1029/2002JB002321. 
Cooper, H. H., Jr., J. D. Bredehoeft, I. S. Papadopulos, and R. R. Bennett (1965) The  
response of well-aquifer systems to seismic waves, Journal of Geophysical 
Research, 70, 3915-3926. 
Domenico, P. A. and F. W. Schwartz (1990) Physical and Chemical Hydrogeology, John  
Wiley and Sons. 
Ellsworth, W. L. (2013) Injection-induced earthquakes, Science, 341, 142-151, doi:  
10.1126/science.1225942 
Farrar, C. D., M. L. Sorey, W. C. Evans, J. F. Howle, B. D. Kerr, B. M. Kennedy, C.-Y.  
King, and J. R. Southon (1995) Forest-killing diffuse CO2 emission at Mammoth 
Mountain as a sign of magmatic unrest, Nature, 376, 675-678, doi: 
10.1038/376675a0. 
Hill, D. P., P. A. Reasenberg, A. Michel, W. J. Arabaz, G. Beroza, D. Brumbaugh, J. N.  
Brune, R. Castro, S. Davis, D. dePolo, W. L. Ellsworth, J. Gomberg, S. Harmsen, 
L. House, S. M. Jackson, M. J. S. Johnston, L. Jones, R. Keller, S. Malone, L. 
Munguia, S. Nava, J. C. Pechmann, A. Sanford, R. W. Simpson, R. B. Smith, M. 
Stark, M. Stickney, A. Vidal, S. Walter, V. Wong, and J. Zollweg (1993) 
Seismicity remotely triggered by the 7.3 Landers, California, earthquake, Science, 
260(5114), 1617-1623, doi: 10.1126/science.260.5114.1617.  
Hubbert, M. K. and W. W. Rubey (1959) Role of fluid pressure in mechanics of  
overthrust faulting, Geological Society of America Bulletin, 70(2), 115-166, doi: 
10.1130/0016-7606(1959)70[115:ROFPIM]2.0.CO;2. 
Jónsson, S., P. Segall, R. Pedersen, and G. Björnsson (2003) Post-earthquake ground  
movements correlated to pore-pressure transients, Science, 424, 179-183, 
doi:10.1038/nature01776. 
Kerrick, D. M. (2001) Present and past nonanthropogenic CO2 degassing from the solid  
Earth, Reviews of Geophysics, 39(4), 565-585, doi: 10.1029/2001RG000105. 
King, C.-Y., S. Azuma, G. Igarashi, M. Ohno, H. Saito, and H. Wakita (1999)  
Earthquake-related water-level changes at 16 closely clustered wells in Tono, 
central Japan, Journal of Geophysical Research, 104, 13,073-13,082. 
Lewicki, J. L. and S. L. Brantley (2000) CO2 degassing along the San Andreas fault,  
Parkfield, California, Geophysical Research Letters, 27, 5-8, doi: 
10.1029/1999GL008380. 
Liu, L. B., E. Roeloffs, X. Y. Zheng (1989) Seismically induced water level fluctuations  
in the Wali well, Beijing, China, Journal of Geophysical Research – Solid Earth 
and Planets, 94(B7), 9453-9462, doi: 10.1029/JB094iB07p09453. 
Lowrie, W. (1997) Fundamentals of Geophysics, Cambridge University Press,  
Cambridge, United Kingdom. 
Matsumoto, N. and E. A. Roeloffs (2003) Hydrological response to earthquakes in the  
Haibara well, central Japan – II. Possilbe mechanisms inferred from time-varying 
hydraulic properties, Geophysics Journal International, 155, 899-913. 
Muir-Wood, R. and C. P. King (1993) Hydrologic signatures of earthquake strain,  
Journal of Geophysical Research, 98(B12), 22035-22068, doi: 
10.1029/93JB02219. 
Osborne, S. G., A. Vengosh, N. R. Warner, and R. B. Jackson (2011) Methane  
 15 
contamination of drinking water accompanying gas-well drilling and hydraulic 
fracturing, Procedings of the National Academy of Sciences, 108(20), 8172-8176, 
doi/10.1073/pnas.1100682108. 
Quilty, E. and E. Roeloffs (1997) Water level changes in response to the December 20,  
1994 M4.7 earthquake near Parkfield, California, Bulletin of the Seismological 
Society of America, 87, 310-317. 
Roeloffs, E. A., W. R. Danskin, C. D. Farrar, D. L. Galloway, S. N. Hamlin, E. G. Quilty,  
H. M. Quinn, D. H. Schaefer, M. L. Sorey, and D. E. Woodcock (1995) 
Hydrologic effects associated with the June 28, 1992 Landers, California, 
earthquake sequence, U. S. Department of the Interior United States Geologic 
Survey Open File Report, 95-42. 
Skempton, A. W. (1954) The pore-pressure coefficients A and B, Geotechnique, 4, 143- 
147, doi: 10.1680/geot.1954.4.4.143. 
Spycher, N., K. Pruess, and J. Ennis-King (2003) CO2-H2O mixtures in the geological  
sequestration of CO2. I. Assessment and calculation of mutual solubilities from 12 
to 100oC and up to 600 bar, Geochimica et Cosmochimica Acta, 67(16), 3015-
3031, doi: 10.1016/S0016-7037(03)00273-4. 
United States Geologic Survey (2014) Frequency-magnitude data,  
http://earthquake.usgs.gov/earthquakes/eqarchives/year/eqstats.php, accessed 
March 27, 2014. 
Woodcock, D. and E. Roeloffs (1996) Seismically induced water-level oscillations in a  
fractured-rock aquifer well near Grants Pass, Oregon, Oregon Geology, 58, 27-33. 
Yager, R. M. and J. C. Fountain (2001) Effects of natural gas exsolution on specific  
storage in a confined aquifer undergoing a water level decline, Ground Water, 




Chapter 1 - Bubble nucleation in groundwater triggered by seismic stimulation: 
A laboratory study 
 
Jackson B. Crews1,2 and Clay A. Cooper1 
 
Copyright 2012, ARMA, American Rock Mechanics Association 
This paper was prepared for presentation at the 46th US Rock Mechanics / Geomechanics 
Symposium held in Chicago, IL, USA, 24-27 June 2012. 
 
This paper (ARMA 12-170) was selected for presentation at the symposium by an 
ARMA Technical Program Committee based on a technical and critical review of the 
paper by a minimum of two technical reviewers. The material, as presented, does not 
reflect any position of ARMA, its officers, or members. Electronic reproduction, 
distribution, or storage of any part of this paper for commercial purposes without the 
written consent of ARMA is prohibited. Permission to produce in print is restricted to an 
abstract of not more than 300 words; illustrations may not be copied. The abstract must 
contain conspicuous acknowledgment of where and by whom the paper was presented. 
                                                      
1 Division of Hydrologic Sciences, Desert Research Institute, 2215 Raggio Parkway, 
Reno, NV 89512, USA. 
2 Graduate Program of Hydrologic Sciences, University of Nevada, Reno, 1644 N. 
Virginia St., Mail Stop 186, Reno, NV 89557, USA. 
Corresponding author: J. B. Crews, Division of Hydrologic Sciences, Desert Research 
Institute, Reno, NV 89512, USA. (jcrews@dri.edu). 
 17 
Abstract 
A laboratory study is undertaken to explore the potential for seismic waves to drive 
bubble nucleation in groundwater formations. A Hele-Shaw cell containing a 
supersaturated carbonic acid solution is subjected to mechanical pressure perturbations of 
varying magnitude, and the resulting changes in dissolved gas concentration are found to 
be qualitatively consistent with a conceptual model based on low-pressure CO2 solubility 
data and a first-order approximation of the bubble nucleation mechanism. A correlation 
between the change in dissolved gas concentration and the magnitude of the pressure 
perturbation is observed, but with a different constant of proportionality than that 
predicted in the conceptual model. 
  
1. Introduction 
Seismic waves have the potential to generate bubbles in groundwater. Seismically 
stimulated bubble nucleation in groundwater may 1) contribute to surficial CO2 fluxes, 2) 
drive changes in borehole water levels in the far-field of seismic events, 3) boost pore 
pressure, triggering volcanic and subsequent seismic events, 4) contribute to the 
appearance of gas-phase methane in shallow water wells near to and coincident with 
natural gas drilling and hydraulic fracturing operations, 5) reduce relative permeability of 
the liquid phase, resulting in local changes in groundwater flow and 6) pose a hazard to 
the geologic sequestration of anthropogenic CO2 where over-pressurization of the 
reservoir may lead to a failure of the cap rock. The connection between seismically 
stimulated bubble nucleation in groundwater and those phenomena is untested, as no 
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laboratory study of the physical controls on bubble nucleation by rapid depressurization 
due to seismic waves is found in the literature. This study constitutes a first step toward 
establishing the physical controls on the nucleation of bubbles in groundwater by rapid 
depressurization caused by the propagation of seismic waves through the saturated zone. 
The experimental technique developed for this study is the basis for planned future 
experiments in which the approach is refined and focused with the goal of eventually 
testing the hypothetical linkage between seismically stimulated bubble nucleation in 
groundwater and the phenomena listed above.  
Dissolved gases such as CO2, H2S and CH4 exist in groundwater. Non-aqueous 
gas cavities also exist in natural groundwater formations [Ronen et al., 1998]. Gas 
solubility is a function of pressure, temperature, pH, and salinity. In this study, we focus 
our attention on the pressure-dependence of gas solubility and, specifically, the 
nucleation of bubbles by pore pressure perturbations in a simulated parallel-walled 
fracture having intrinsic permeability 5.8×10-5 cm2. In a liquid-saturated porous solid, a 
change in mean stress results in a proportional change in pore pressure [Wang, 1993], 
where the constant of proportionality is Skempton’s coefficient, B. Seismic waves from 
distant sources may be approximated as monochromatic plane waves producing 
sinusoidal fluctuations in pore pressure. If the intensity of the seismic wave is sufficiently 
high, the pore pressure in an aquifer may be driven below the partial pressure of a gas 
dissolved in the groundwater. Under such a condition, the gas solution would be 
supersaturated, albeit on a short timescale, resulting in the nucleation of bubbles. The 
phase change associated with bubble nucleation locally increases pore fluid pressure, 
constituting a potential mechanism for earthquake and volcanic triggering [Brodsky et al., 
 19 
1999; Manga and Brodsky, 2006; Sturtevant et al., 1996], and borehole water level 
changes [Liu et al., 1989; Roeloffs, 1998]. Rectified diffusion is cited as a mechanism by 
which bubbles may grow when subject to an oscillating fluid pressure [Brodsky et al., 
1999; Manga and Brodsky, 2006; Sturtevant et al., 1996]. Others [Sturtevant et al., 1996] 
have modeled a preexisting cloud of bubbles subject to seismic waves from a distant 
source to examine rectified diffusion as a driver of water level changes in wells hundreds 
or thousands of kilometers from an earthquake. In this study, we examine the nucleation 
of bubbles by single pulse, mechanical pressure fluctuations. We selected CO2 for our 
study because it is relatively safe; it should be noted, however, that any water-soluble gas 
is, in principle, expected to behave analogously.  
Gas solubility in water is governed by Henry’s law: 
[CO2(aq)]eq = KH ,CO2PCO2      (1) 
The equilibrium CO2 solubility, [CO2(aq)]eq , for a solution in contact with a gas phase at 
partial pressure PCO2 , is dictated by the local value of the Henry’s law constant, KH ,CO2 . 
For a solution not in contact with a separate gas phase, the partial pressure can be 
replaced with the fluid pressure, Po [Carroll et al., 1991]:  
[CO2(aq)]eq = KH ,CO2Po      (2) 
To leading order, a (positive) drop in fluid pressure, ΔPSeismic , leads to a proportional 
change in gas solubility. If the pore pressure drop is sufficiently large, bubbles of gas will 
form, thereby lowering the dissolved gas concentration: 
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Δ[CO2(aq)]= KH ,CO2 (Po − PCO2 − ΔPseismic )×
H (PCO2 + ΔPseismic − Po )
    (3) 
where Po  is the unperturbed fluid pressure, PCO2 is the unperturbed partial pressure of 
CO2 (proportional to initial dissolved CO2 concentration via Eqn. 1), and H is the 
Heaviside step function, defined as: 
H (x) =
0, x < 0





       (4) 
The step function is present in Eqn. 3 as a reminder that no gas is driven from solution if 
the seismic pressure perturbation is not large enough to drive the fluid pressure below the 
partial pressure of the dissolved gas. In our experiment, the solution is initially 
supersaturated, so the Heaviside step function is always equal to unity. As a result, Eqn. 3 
can be rewritten: 
    Δ[CO2(aq)]= KH ,CO2 (Po − PCO2 )− KH ,CO2ΔPseismic     (5) 
The two terms on the right side of Eqn. 5 suggest two separate contributions to the 
change in dissolved CO2 concentration: one from the initial supersaturated condition of 
the solution, and the other from the seismic pressure perturbation. By subtracting off the 
contribution due to natural outgassing, KH ,CO2 (Po − PCO2 ) , we are able to resolve the effect 
of the seismic pressure perturbation on dissolved gas concentration. Low-pressure CO2 
solubility data from more than a century of experiments [Carroll et al., 1991] reveal that 
the Henry’s law constant is indeed constant for pressures up to 1 MPa. A regression of 
tabulated values reported in [Carroll et al., 1991] (Fig. 1) provides a value of 
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KH ,CO2 = 3.33×10
−4mmol ⋅L-1 ⋅Pa−1 for pressures up to 1 MPa. That value of the Henry’s 
law constant is used in our first-order model (Eqn. 3). 
 
Figure 1. Plot of tabulated solubility data at 25oC from [Carroll et al., 1991]. The 
Henry’s law constants computed as the slopes of the regression lines using total pressure 
and partial pressure agree within 5 percent. 
 
2. Experimental Method 
As an analog for a smooth, parallel-walled fracture, a 25 cm × 25 cm Hele-Shaw 
cell with gap dimension 0.254 mm (Fig. 2) was filled with a supersaturated solution of 
carbonic acid (concentration, [CO2(aq)] ~ 8M) at atmospheric pressure. The initial 
carbonic acid concentration was determined by diluting a stock solution of Canada Dry 
Club Soda with deionized water in a 1:1 ratio. A concentration of 8.0 M is half the 
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While it would be more physically realistic to allow the supersaturated solution to reach 
equilibrium with the Hele-Shaw cell sealed off from the atmosphere, an initially 
supersaturated carbonic acid solution was used in this experiment simply because the 
bubble nucleation is more profuse when the concentration of dissolved CO2 is initially 
large. The noise level in the pressure measurement is relatively high, so a large 
magnitude response is desirable to achieve a higher signal-to-noise ratio. The vent at the 
top of the cell remained open for 10-15 seconds to allow any mobile bubbles to ascend 
through the liquid in the cell and exit into the gas phase at the top. The vent was closed 
and a mechanical pressure perturbation was applied to the cell by an acrylic-tipped, 
spring-loaded aluminum rod, which struck the cell at normal incidence, about 2 cm below 
the center of the wall. An alternative approach would be to close the vent and allow the 
system to reach equilibrium with respect to dissolved CO2, but the pressure under that 
condition was likely to exceed the 100 kPa rating of the pressure transducer, so an 




   
Figure 2. Hele-Shaw cell. Note the gas-liquid interface near the top of the cell. The 
acrylic tip of the striker is visible in both images. The striker rod is visible in the left 
image. 
 
With the ports sealed, the pressure in a 3 cm gas headspace above the liquid was 
monitored with a Druck pressure transducer and logged with a Campbell Scientific 
CR5000 data logger at a 2 Hz sampling rate. The walls of the cell, made of 1.27 cm (0.5 
inch) thick Lexan, were separated by a 0.254 mm (0.01 inch) thick vinyl gasket and C-
clamped together, and the entire assembly was supported by a T-channel aluminum 
extrusion frame, which was clamped to the lab bench. The cell was backlit from below by 
a 180 LED array, with a flat black background for imaging with a Nikon D5100 DSLR 
capturing video at 30 frames per second. Varying the initial and final compression of the 









2 )          (6) 
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Release of the spring-loaded rod was actuated by pulling a pin out of a detent ring 
on the back end of the rod, providing millimeter-precision in spring displacement. The 
striker came to rest against the cell with 1 cm of compression remaining in the spring to 
minimize rebound of the striker tip. The static pressure offset generated by the force of 
the spring-loaded rod against the area of the cell was subtracted off in the analysis. A 
typical shocked pressure profile is shown in Fig. 3. At a sampling rate of 2 Hz, the full 
height of the pressure spike caused by the striker impact is not always resolved, though 
the static offset from the striker tip pushing against the cell face is resolved. Equation 6 
does not take into account the elasticity of the walls of the Hele-Shaw cell, and 
represents, at best, an upper bound on the energy delivered to the liquid in the cell. 
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Figure 3. A typical pressure profile of the shocked system. The strike is actuated at t = 0 
sec. The non-zero gauge pressure leading up to the strike is caused by the natural 
outgassing of CO2 from the supersaturated solution, which was permitted to vent through 
a small diameter port. All ports were sealed approximately one second before the strike. 
Because a 2 Hz sampling rate was used, the strike is recorded as a static pressure offset at 
t = 0, and the oscillatory nature of the pressure perturbation is not recorded in the plot. 
 
The cell was drained, flushed with deionized water, and purged with compressed 
air between measurements. A constant ambient and liquid temperature of 23oC was 
maintained throughout the experiment. 
 
3. Results 
The impact of the striker tip against the Hele-Shaw cell resulted in a profuse 
nucleation of bubbles exhibiting a mean diameter of ~100 µm. The bubble nucleation was 
























Figure 4. (a) Less than one second before the strike, immobile millimeter-scale bubbles 
adhere to the walls of the cell. (b) 2 seconds after the strike ~100 µm bubbles nucleate, 
producing a white foam. (c) At 4 seconds, centimeter-scale bubbles formed by the 
coalescence of 100µm bubbles are visible above the striker tip. (d) 6 seconds. (e) 10 
seconds. (f) At 58 seconds after the strike, the only bubbles present in the cell are those 
adhered to the walls. 
 
In the first 2 seconds, the bubbles appear as white foam, having an appearance not unlike 
that of hydrogen peroxide on a fresh cut. After about 2-4 seconds, bubble trains begin to 
form and bubbles are transported under buoyancy to the surface with a mean ascent 
velocity of 1.2 ± 0.2 cm/s. The nucleation and ascent of bubbles persisted for nearly 30 
seconds after the strike. Coalescence into bubbles of ~1 cm diameter was observed in the 
region immediately above the strike. These centimeter-scale bubbles remained 
immobilized, adhering to the walls, until reaching sufficient size at which the buoyant 
force overcame adhesion to the walls. Because of their large diameter, the centimeter-
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scale bubbles tend to obstruct and re-route trains of 100 µm bubbles ascending toward the 
gas headspace.  
Because the solution was supersaturated, bubbles having a mean diameter on the 
order of a millimeter were observed adhered to the walls of the cell before and after the 
strike. Bubbles generated by the striker are easily distinguished from those present in the 
cell before the strike and long after the strike due to their smaller size (an order of 
magnitude smaller). Because the solution is initially supersaturated, the pressure in the 
gas headspace builds up when the ports to the cell are closed, even without striking the 
cell. In order to differentiate between the gas pressure increase due to natural outgassing 
from that associated with the mechanical pressure perturbation, the natural pressure 
buildup is subtracted from the temporal pressure profile of the shocked system. The result 
exhibits a distinct peak pressure, which is interpreted as the pressure increase due to 




Figure 5. Temporal pressure profiles used for analysis. The natural pressure build-up due 
to super saturation (green) is subtracted from the pressure profile of the shocked system 
(red) revealing a peak pressure increase due to seismic stimulation at a time after the 
strike consistent with the observed terminus of bubble nucleation (blue). 
 
The peak gas pressure is used in conjunction with the ideal gas law to calculate 










    (7) 
During the experiment, liquid was present in the tube between the cell drain port and the 
ball valve controlling the drain. Gas was present in the tube between the vent port and 
ball valve controlling the vent. Both of those volumes are included in the calculation of 























The time after the strike at which the peak gas pressure is observed (~30 sec) is 
consistent with the observed timescale for bubble nucleation, suggesting that the peak gas 
pressure (and the time at which it is observed) correlates with the time after the strike at 
which the pressure buildup from natural outgassing begins to outpace that from bubble 
nucleation due to the application of the strike. 
The amount of dissolved gas driven into the bubble phase scales with the 
magnitude of the pressure perturbation (Fig. 6). 
 
Figure 6. Measured changes in dissolved CO2 concentration caused by mechanical 
pressure perturbations of varying magnitude (blue triangles) are compared to a first-order 
conceptual model based on low pressure CO2 solubility data (solid black line). 
 
The bubble nucleation response falls off above 0.1-0.35 MPa, likely because the walls of 
the Hele-Shaw cell begin to come into contact with each other when the strike is 
sufficiently energetic. The precise vibrational response of the liquid is not known, though 































may here be conceptualized as a strain wave propagating through the Lexan and the 
liquid, in the plane of cell, radially from the strike. Refraction, reflection, and subsequent 
destructive interference could possibly contribute to the existence of patches in which no 
bubbles formed (Fig. 4). Constructive interference of the incident, refracted, and reflected 
waves may also locally amplify the pressure perturbation, generating regions of 
particularly intense bubble nucleation.  
A best-fit line through the data has a slope of 5.73×10-4 mmol L-1 Pa-1, slightly 
less than double that of the conceptual model, 3.33×10-4 mmol L-1 Pa-1. The observed 
seismically stimulated changes in concentration, normalized by the initial concentration – 
which is not precisely known, is approximately 10-1 mol/L ÷ 101 mol/L, or about one 
percent. 
Large vertical error bars represent standard deviations in the system’s response 
over several measurements. Data points sharing a common value of pressure perturbation 
represent groups of measurements separated in time by small changes in the apparatus, 
such as breakdown and reassembly. As these procedures did not uniformly shift 
measurements, they were deemed statistically insignificant. 
 
4. Conclusions 
Millisecond-duration mechanical pulse pressure perturbations on the order of 10-1 
MPa are sufficient to trigger the nucleation of 100 µm diameter bubbles in supersaturated 
carbonic acid. The bubbles generated under these conditions are an order of magnitude 
smaller than those present in the cell before and at long times after the strike event. 
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Immediately after the strike, 100µm diameter bubble nucleation persists for tens of 
seconds.  
The amount of gas driven out of solution by a pulse pressure perturbation 
increases with the magnitude of the pressure perturbation. The conceptual model appears 
to under-predict the quantity of gas driven out of solution for a pressure perturbation of a 
given magnitude, suggesting that higher-order kinetic effects neglected in the model 
should be included. 
The pressure perturbations to which the system was subjected in the experiment 
are consistent in magnitude with those experienced in saturated earth materials hundreds 
or thousands of kilometers from an earthquake [Manga and Brodsky, 2006; Allmann and 
Shearer, 2007]. 
After bubbles are generated, their transport through a porous medium would be 
controlled in part by their size [Roosevelt and Corapcioglu, 1998]. In an open fracture, 
bubbles generated by local vibration and micro-seismicity associated with natural gas 
well drilling and hydraulic fracturing might ascend into shallow aquifers. The small 
bubbles produced in our experiments ascended at 1.2 ± 0.2 cm/s through a simulated 
fracture with gap dimension 0.254 mm, with little or no observable influence from the 
walls. In a rock fracture, variability in the aperture is unlikely to influence the ascent 
velocity of the bubbles, provided that the diameter of the bubbles is less than roughly half 
of the aperture.  
Even if the bubbles are immobilized due to entrapment in pore spaces, or if they 
become entrapped after moving some distance through an open fracture, their nucleation 
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results in a local increase in pore fluid pressure, simply because of the change in volume 
associated with the phase change. It has been shown that the time required for a separate 
gas phase of CO2 to dissolve in water and reach equilibrium is on the order of hours 
[Kneafsey and Pruess, 2010], suggesting that once nucleated, the potential effects of 
bubbles may be observable as changes in borehole water levels, for example, over much 
longer time periods. The difference in time constants between the forward and reverse 
reactions, where H2CO3 (aq) à H2O(l) + CO2(g) is here referred to as the forward 
reaction, may also explain the observed slow relaxation of perturbed borehole water 
levels to their equilibrium values. Some wells that exhibit persistent water level increases 
after distant earthquakes return to their pre-quake levels over a period of a few months, 
during which time gas bubbles have been observed ascending through the wellbore 
[Roeloffs, 1998]. The persistence of the pore pressure increase has the potential to reduce 
effective stress, supporting the idea that bubble nucleation may induce further seismicity 
or trigger volcanism in the far field of an earthquake. 
As induced local seismicity is traced to fluid injection, it is conceivable that 
geologic sequestration of anthropogenic CO2 might trigger local seismic events. In a CO2 
storage reservoir, where concentrations of dissolved CO2 may reach high levels, the 
potential for seismically induced bubble nucleation is of particular concern, as sudden 
increases in pore pressure may compromise the integrity of the geologic seal. A sudden 
release of CO2 at the surface poses a suffocation hazard, and additional site selection 
criteria may be warranted for choosing CO2 storage reservoirs, so that sudden over-
pressurization does not lead to catastrophic failure. 
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The bubble nucleation observed in this experiment was consistent with type III 
nucleation [Jones et al., 1999], wherein preexisting gas cavities and bubbles act as 
nucleation sites in a supersaturated solution. The sustained nature of nucleation in the ~30 
second interval after the shock was consistent with type-IV nucleation. Bubble nucleation 
is achievable at much lower super saturation values when a liquid solution contains 
preexisting gas cavities [Jones et al., 1999]. The elimination of gas cavities may be 
achieved by sustained over-pressurization, whereby gas cavities are dissolved into the 
aqueous phase. However, groundwater formations are subject to pressure gradients, 
temperature gradients and dissolved gas concentration gradients that make the complete 
elimination of gas cavities unlikely. Microbial metabolism and gas entrapment in regions 
of phreatic recharge also contribute to the presence of gas cavities in groundwater [Ronen 
et al., 1988]. Further, it is conceivable that gas-groundwater solutions may become 
locally supersaturated in response to steep thermal and concentration gradients, wherein 
the initial condition of our experiment might be closer to physical reality. 
The pressures and hydrogeological conditions controlling bubble nucleation in 
liquid-saturated porous media are not easily achieved in a system that lends itself to 
visualization. However, the Hele-Shaw cell study here undertaken does reveal 
observations of phenomenological significance.  
The elasticity of the walls of the Hele-Shaw cell permits changes in the void 
volume, which introduces error in the analysis of the pressure response. However, 
qualitative consistency between the model and the data suggests that the technique can be 
refined and adapted to further constrain the physical controls on seismically stimulated 
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bubble nucleation in groundwater. A second generation of this experiment, in which 
visualization is sacrificed for quantification, is under construction. 
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Chapter 2 - Transient pore pressure response to confining stress excursions in Berea 
sandstone flooded with an aqueous solution of CO2 
 
Jackson B. Crews1,2 and Clay A. Cooper1 
 
Abstract 
We measured the pore pressure response due to carbon dioxide (CO2) gas bubble 
nucleation and growth in a Berea sandstone core flooded with an initially sub-saturated 
aqueous solution of CO2, in response to a rapid drop in confining stress, under conditions 
representative of a confined aquifer. A portion of the CO2 in the Earth’s crust, derived 
from volcanic, magmatic, and biogenic sources, dissolves in groundwater. Sudden 
reductions in confining stress in the  crust occur due to dilational strain generated by the 
propagation of seismic Rayleigh and p-waves, or aseismic slip in the far field of 
earthquakes. A drop in confining stress produces a proportional drop in pore fluid 
pressure. When the pore fluid contains dissolved CO2, the pore pressure responds to a 
drop in confining stress as it does in the dissolved-gas-free case, until the pore pressure 
falls below the bubble pressure. Gas bubble nucleation and diffusive growth in the pore 
space trigger spontaneous, transient buildup of the pore fluid pressure, and reduction of 
effective stress. We measured the rate of pore fluid pressure buildup in the 100 seconds 
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immediately following the confining stress drop, as a function of the saturation with 
respect to CO2 at the lowest pore pressure realized during the confining stress drop, using 
five different CO2 partial pressures. The rate scales with the saturation maximum, from 
10 kPa/min at 1.25, to 166 kPa/min at 1.8. The net pore pressure rise was as large as 0.7 
MPa (100 psi) over 5 hours. 
 
1. Background 
In a liquid-saturated porous medium, a change in the mean normal confining 
stress σ  causes a proportional change in pore fluid pressure pp , where the constant of 
proportionality is Skempton’s coefficient, B [Skempton, 1954], 
 
pp B σΔ = Δ       (1) 
 
Skempton’s coefficient is a property of the liquid-saturated matrix, with a value between 
0.5 and 1.0 in sandstone [Hart, 2000; Wang, 1993; Berge et al., 1993; Dropek and 
Johnson, 1978]. 
Dilational strain in the Earth’s crust is generated by the propagation of seismic 
Rayleigh and p-waves [Biot, 1956; Geertsma and Smit, 1961], and also by aseismic 
reductions in confining stress [Jónsson et al., 2003]. In this study, we focused our 
attention on the pore pressure response to a one-time step-down in confining stress, 
which we refer to as a “quasi-static” confining stress drop. Within 10 m of a fault, the 
stress drop can be as large as 100 MPa, but drops of 0.1-1 MPa are typical at 1-10 km 
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from the source. [Stabile et al., 2012; Candela et al., 2011; Allmann and Shearer, 2007, 
2009]. 
When the pore fluid is pure water free of any dissolved gas, the pore pressure 
responds to a drop in confining stress according to (1), as shown in Fig. 1. The pore 
pressure also responds to a drop in confining stress according to (1) when the pore water 
contains a dissolved gas such as CO2. After the pore pressure drops, it will remain stable 
as in Fig. 1 unless CO2 gas bubble nucleation and diffusive growth occur in the pore 
space. When that happens, the pore pressure spontaneously climbs after the initial drop, 
which further reduces the effective stress. 
 
Figure 1. Pore pressure response (blue) to a drop in confining stress (red). The green 
trace is the effective stress, which is the difference between the confining stress and the 
pore pressure. In the absence of dissolved gas, or in the regime where pore pressure 
exceeds the bubble pressure, the pore fluid pressure remains constant in time after falling 
due to the drop in confining stress. 
 
CO2 solubility in water is a function of temperature, pressure, and salinity. At fixed 





















[CO2(aq)]= KH ,CO2 pCO2     (2) 
 
In the absence of a separate gas phase, (2) permits the definition of a partial pressure 
[Carroll et al., 1991]. Substituting pp for  pCO2
in (2), CO2 solubility 
 
xCO2 is expressed in 
terms of the fluid pressure, 
 
2 2CO ,COH p
x K p=      (3) 
 
In (3), the Henry’s law “constant” 
 




KH ,CO2 does not change significantly across a pressure interval of 







Ω =       (4) 
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When CO2(g) is placed in contact with water, some of the gas dissolves into an aqueous 
phase (5a). Some of the aqueous-phase CO2 interacts with H2O, forming carbonic acid 
(5b). Carbonic acid dissociates first into bicarbonate (5c); and bicarbonate dissociates to 
form carbonate (5d), as follows: 
 
CO2(g) à CO2(aq)      (5a) 
 
CO2(aq) + H2O(l) à H2CO3(aq)    (5b) 
 
H2CO3(aq) à H+(aq) + HCO3-(aq)     (5c) 
 
HCO3-(aq) à H+(aq) + CO32-(aq)     (5d) 
 
The distribution of the aqueous carbonate species, H2CO3(aq), HCO3-(aq), and CO32-(aq), 
is pH-dependent, and the rate of bubble nucleation and growth after a rapid 
depressurization event might be sensitive to carbonate speciation. At pH < 6.3, 
H2CO3(aq) and CO2(aq) are the most abundant species, and [CO2(aq)] is ~600 times 
greater than [H2CO3(aq)]. At 6.3 < pH < 10.3, HCO3-(aq) is the dominant species in 
solution. The law of mass action for (5a) is (2). The mass action constants for (5c) and 
(5d) are k1 = 10-6.3 and k2 = 10-10.3, respectively [Appelo and Postma, 2010].  
Groundwater that comes into contact with CO2 gas in the Earth’s crust will 
become charged with dissolved CO2. Natural sources of CO2 in the Earth’s crust include 
active and dormant subaerial volcanoes, diffuse magma degasing, submarine volcanism, 
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sub aerial non-volcanic degasing, degasing from the structural highs of basement rocks, 
acontact metamorphism [Kerrick, 2001], volcanic calderas [Goff and Janik, 2002; 
Werner and Brantley, 2003; Bergfeld et al., 2006; Chiondini et al., 2007], non-volcanic 
geothermal reservoirs [Bergfeld, et al., 2001], and shallow biogenic processes [Lewicki 
and Brantley, 2000].   
The connection between gas flux and seismic activity has been a topic of previous 
research [e.g., King, 1986; Sibson, 1992]. In 1989 seismic events around Mammoth 
Mountain, California were followed by a large release of CO2 from the surface, which 
killed trees and other vegetation [Farrar et al., 1995]. The CO2 is believed to have 
derived from magma degasing [Julian et al., 1998]. Elevated CO2 flux from a geothermal 
reservoir in Dixie Valley, Nevada has been reported [Bergfeld, et al., 2001]. On 
December 16, 1954 a magnitude-6.9 [Bell and Kratzer, 1990] earthquake struck Dixie 
Valley. After the earthquake, every non-flowing well in the valley saw an increase in 
static water level, and several wells that had never flowed before flowed for a month 
under artesian pressure [Zones, 1957]. Other co-seismic changes in hydrogeology are 
reported, including increases in stream and river flow [Muir-Wood and King, 1993], and 
persistent increases in borehole water levels following distant earthquakes [Roeloffs et 
al., 2003; Roeloffs, 1998; Roeloffs et al., 1989; Liu et al., 1989], which may be influenced 
in part by an increase in pore pressure due to gas bubble nucleation.  
When the pore fluid pressure drops to a level called the bubble pressure, pb , a 
phase transition from aqueous-to-gas occurs and proceeds spontaneously according to the 
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reaction H2CO3 (aq) à CO2(g) + H2O(l). The critical saturation with respect to CO2 at 
which bubble growth begins to occur is therefore defined by Ω* = pCO2 / pb . 
In a closed system, gas bubble nucleation drives the pore pressure up as an 
increasing volume of gas displaces the liquid in the pore space, forcing the liquid to 
occupy a smaller volume. The reaction slows as the aqueous and gas phases approach 
equilibrium. Just as fluid injection can induce seismicity by reducing effective stress 
[Ellsworth, 2013], this reduction in effective stress has the potential to induce secondary 
seismicity in faults that are saturated with CO2-rich water and are loaded to near-failure. 
The critical shear stress τcrit required to cause a fault to slip is modeled by [Hubert and 
Rubey, 1959]: 
 
( )crit p opτ µ σ τ= − +      (6) 
 
where µ is the coefficient of friction and τo is the cohesive strength of the sliding surface, 
which is typically very small in the Earth’s crust. The quantity in parentheses in (6) is the 
effective stress; a reduction in effective stress results in a reduction in the critical shear 
stress. 
When bubble nucleation and growth cease, the pressure inside a gas bubble will 
be higher than the surrounding fluid pressure, due to the interfacial tension, γ between 
H2O(l) and CO2(g). The difference in pressure between the inside and the outside of a gas 
bubble is the Laplace pressure, which is a function of the radius of curvature R’ of the 







γΔ =      (7) 
The interfacial tension is a function of temperature and pressure. Under the conditions of 
our experiment, the value is 20 <  γ < 50 mN/m [Nielsen et al., 2012]. Assuming γ = 50 
mN/m, the Laplace pressure for a bubble with R’ = 1 µm would be 0.1 MPa.  
Pre-existing gas cavities are introduced into aquifers due to fluctuations in the 
static water level, particularly in regions of phreatic recharge [Ronen et al., 1989; 
Marinas et al., 2013]. In the absence of initially present microscopic gas cavities, gas 
bubble nucleation in super-saturated aqueous solutions occurs only at very high 
saturation values (Ω  > 100) [Ryan and Hemmingsen, 1993]. More commonly, gas 
bubbles begin to form when Ω ~ 1 and typically do so on nucleation sites, which include 
metastable gas cavities composed of as few as one molecule suspended in the solution 
and located in micro-cracks and other topologic features on the walls of the liquid’s 





Figure 2. Conceptual model of the phase evolution in a porous medium saturated with an 
aqueous gas solution, subject to a quasi-static reduction in confining stress. A rapid 
reduction in confining stress causes an equally rapid drop in pore pressure (a), the 
magnitude of which is proportional to the confining stress drop. The pore pressure 
reduction shown here is large enough to cross the solubility curve, denoted
2CO
x , which 
represents a phase boundary. The phase change results in an instantaneously super-
saturated state, triggering spontaneous bubble nucleation followed by diffusive growth. 
This drives the pore pressure up (b) at a continuously decelerating rate until a two-phase 
equilibrium is achieved. If the confining stress is restored to its initial (pre-drop) value, 
the pore pressure overshoots the initial unperturbed value (c), and the surplus pressure is 
due to the presence of gas bubbles in the pore space. The solution is then under-saturated 
with respect to CO2, and the gas-phase dissolves back into solution at a continuously 
decelerating rate, eventually relaxing back to the initial pore pressure. The timescales for 
each leg of the phase evolution in a Berea sandstone core are roughly (a) 1 second, (b) ~5 
hours, (c) 1 second, and (d) ~5 hours. The pressure-solubility curve 
2CO
x  is not linear 
across large intervals of pressure, but is approximately linear within the pressure interval 
interrogated in our experiment [Diamond and Akinfiev, 2003; Spycher et al., 2003]. 
 







Ω =       (8) 
2 2CO ,CO
























Methane gas bubble nucleation has been observed in confined aquifers in response to a 
decline in hydraulic head caused by pumping, which has the effect of increasing the 
apparent specific storage [Yager and Fountain, 2001]. In the present study, we 
investigated the nucleation of CO2 gas bubbles in the saturated zone in response to a drop 
in pore pressure caused by a drop in confining stress, not by pumping. While our study 
focused on CO2, other dissolved gases are expected to behave analogously. 
Subsequent to rapid bubble nucleation, gas bubbles will either grow or shrink 
through the diffusion of CO2 across the gas-liquid interface, depending on the local 
concentration gradient. Bubbles that grow to fill pores in the medium may snap off at 
pore throats, generating additional bubbles [Zuo et al., 2013]. 
Research on bubble nucleation and growth in porous media conducted in the 
context of solution gas drive shows that bubble nucleation in porous media is sensitive to 
the depressurization rate, the makeup of the pore fluid, and the properties of the porous 
medium [Scherpenisse et al., 1994]. As an oil reservoir is depleted, the fluid pressure 
drops, eventually falling below the bubble pressure, at which point the pore fluid is 
supersaturated with respect to dissolved gas. Bubble nucleation then occurs within some 
fraction of the pores, and the bubbles continue to grow by diffusion. The increase in gas-
phase saturation in the porous medium increases the fluid pressure, while continued 
depletion of the reservoir by fluid extraction causes the pressure to drop. These two 
effects compete until the rate of pressure build-up from diffusive bubble growth is 
outpaced by the pressure depletion rate caused by fluid extraction. Core-scale 
experiments [Zuo et al., 2012; Scherpense et al., 1994], micro-model experiments [Zuo et 
al., 2013], and theoretical investigations [Tsimpanogiannis and Yortsos, 2002; 
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Scherpense et al., 1994] utilize fluid extraction at a constant flow rate or constant rate of 
pressure decline to actuate the drop in fluid pressure. This approach is particularly useful 
to determine the gas-phase saturation at which the gas phase becomes mobile [Zuo et al., 
2013]. These studies are conducted under pressure and temperature conditions 
representative of those present in a geologic CO2 storage reservoir, and the results are 
aimed at assessing the mobility of the gas phase. Other experiments have been conducted 
to investigate CO2 gas bubble nucleation in enhanced oil recovery [Zuo and Benson, 
2013].  
In contrast, the experiments shown here are conducted at lower temperatures and 
pressures to investigate CO2 gas bubble nucleation and growth due to a seismic 
disturbance under conditions representative of a confined aquifer. Our experimental 
results compliment those obtained in similar studies by investigating bubble nucleation 
and growth in a different pressure and temperature regime, using a different 
depressurization mechanism, under non-flowing, fixed mass conditions. 
 
2. Method 
A Teledyne Isco 500D syringe pump supplied pore fluid to and controlled the 
initial pore fluid pressure within a 4.76 mm diameter (NQ), 15.24 cm long Berea 
sandstone core (Cleveland Quarries). The sandstone core was saturated by submersion in 
degased, deionized (DGDI) water at 20oC in a 1L acrylic Nalgene bottle held under 
vacuum for 20.5 hours. The core was jacketed with black, thin-wall polyolefin heat-
shrink tubing with initial diameter 5.08 cm and 2:1 shrink ratio (NTE Electronics part 
number 47-2424B-CL). The heat-shrink tubing extended beyond the ends of the core, 
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overlapping a pair of stainless steel end caps fitted with O-rings, which were dressed with 
silicone grease, to isolate the pore fluid from the confining fluid. 
The jacketed Berea sandstone core and end caps were housed within a 9.0 cm I.D. 
× 26 cm long stainless steel high-pressure vessel (Structural Behavior Engineering 
Laboratories model GP-1A). The annular space between the jacketed core and pressure 
vessel was filled with DGDI water, which served as the confining fluid (Fig.3). A second 
Teledyne Isco 500D syringe pump was used to control confining stress on the core. 
 
 
Figure 3. Cross-sectional schematic of the pressure vessel used in the experiment. 
Confining stress was applied to the jacketed core by a pump in communication with the 
water in the annular space. The pore fluid was supplied by a second pump, which was 
isolated from the core during the confining stress excursions, so that the CO2 and H2O 
mass in the core was fixed. 
 
Experiments were conducted with five different pore fluids, each with a different
2CO
p . The first fluid batch was prepared by combining 500.03 mL of DGDI water (T = 
20ºC, atmospheric pressure) with 8.58 mL of CO2(l) from a 20-pound cylinder plumbed 
with a siphon tube (Airgas) at 5.516 MPaG (800 psig) in the reservoir of a syringe pump. 
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The mixture was then pressurized to 2.758 MPaG (400 psig) for more than 48 hours. The 
second pore fluid solution was San Pellegrino sparkling mineral water (pH = 7.7, 915 mg 
L-1 total dissolved solids). The third pore fluid solution was prepared by combining 
490.43 mL of DGDI water (T = 20ºC, atmospheric pressure) with 18.80 mL of CO2(l) 
from a 20-pound cylinder plumbed with a siphon tube (Airgas) at 5.516 MPaG (800 psig) 
in the reservoir of a syringe pump. The mixture was then pressurized to 6.895 MPaG 
(1000 psig) for >48 hours. With 
 
KH ,CO2  0.29 mol L
-1 MPa-1 [Diamond and Akinfiev, 
2003], the theoretical 
2CO
p values of the first and third pore fluid solutions are 1.03 
MPaG (150 psig) and 2.21 MPaG (320 psig), respectively. Incomplete mixing and 
density stratification in the pump reservoir caused the actual 
2CO
p values of these pore 
fluids to vary from the expected theoretical values, so the 
2CO
p values reported hereafter 
were measured by another method outlined in the analysis section.  
Before initiating the confining stress drop, the system was conditioned by flowing 
~1 L of DGDI water through the core. This was carried out with pp = 2.758 MPaG (400 
psig) at the inlet to the core and pp = 2.689 MPaG (390 psig) at the outlet, under a 
constant confining stress of 3.447 MPaG (500 psig). After a 48 hour equilibration period 
at pp = 2.758 MPaG (400 psig), the DGDI water was displaced by ~1 L of the aqueous 
CO2 solution, under the same pressure gradient. This pressure gradient yielded a constant 
flow rate of 15.5 mL/min. At 20°C the viscosity of water is 10-6 m2/s [Crowe et al., 2009] 
and the permeability of the core is computed to be ~2.4×10-9 cm2 (240 millidarcies). The 
porosity of sandstone is reported to fall between 5 and 30 percent [Domenico and 
Schwartz, 1990]. Assuming a porosity of 30 percent, the total pore volume of the core is 
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~25 mL. Running 1 L of pore fluid through the core is thus equivalent to flushing with 
~40 pore volumes. Under a confining stress of 3.447 MPaG (500 psig), the pore fluid 
pressure was held at 2.758 MPaG (400 psig) for 48 hours with the valve between the pore 
fluid pump and the core open. 
During the experiment, the pore pressure was initially set to 2.068 MPaG (300 
psig) or 2.758 MPaG (400 psig), and then shut in via valves on the ends of the core. The 
confining stress was initially set to 3.447 MPaG (500 psig). After an equilibration period 
of 24–28 hours, the confining stress on the core was reduced quasi-statically in 
decrements ranging between 0.1-1.8 MPa. At each confining stress decrement, the pore 
pressure response was recorded and the average rate of pore pressure buildup was 
measured during a 100-second period immediately following the confining stress drop. In 
some cases we also measured the pore pressure at which the system stabilized, equilpp . 
When the effective stress fell to about 0.28 MPa (40 psi), the equilibration was 
terminated to avoid compromising the seal between the pore fluid and confining fluid, 
which requires a lengthy rebuild and reconditioning process. 
Between measurements, the confining stress was returned to 3.447 MPaG (500 
psig) for 24 hours. Then the valve between the pore fluid syringe pump and the Berea 
sandstone core was opened for 6-12 hours with the pump running at constant pressure to 
drive gas bubbles in the pore space back into solution. Before the next measurement, the 
valve was closed and the pore pressure was monitored for stability prior to initiating the 
confining stress drop.  
Skempton’s coefficient B was measured using data collected exclusively in the Ω 
< Ω* regime, with liquid saturation equal to unity.  
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One set of measurements was collected with aluminum foil between the heat 
shrink and the core to ensure the CO2 did not diffuse through the jacket. The core was 
flushed with low-pressure CO2 gas, followed by DGDI water. The pore fluid in this set of 
experiments was carbonic acid with pCO2  = 1.758 MPaG (255 psig).  
 
3. Calibration 
Three pressure transducers (Omega model PX409-500G5V-XL) rated for a 
maximum pressure of 3.447 MPaG (500 psig) and an accuracy of ± 0.001 MPa (0.15 psi) 
were calibrated simultaneously using a three-way manifold on a Chandler Engineering 
dead weight calibrator (model 23-1). A Power Designs Inc. regulated DC power supply 
(model 5015T) supplied a 24V excitation to the transducers. The voltage outputs from the 
transducers were recorded by a Campbell Scientific data logger (model CR1000).  
 
4. Results 
Skempton’s coefficient B was measured by computing the slope of a regression 




Figure 4. Skempton’s coefficient B determined by measuring the slope of a plot of pore 
pressure as a function of confining stress in a liquid-saturated porous medium. For the 
Berea sandstone core used in our experiment, we measured B = 0.79 ± 0.02. 
 
An example of a quasi-static confining stress excursion and the associated pore 




Figure 5a. Pore pressure (blue) drop in response to a quasi-static confining stress 
reduction (red). The pore fluid was DGDI water. The pore pressure and effective stress 
were constant after the confining stress drop. The dashed black traces are the theoretical 
pore pressure and effective stress responses, computed from the integral form of (1), 






Figure 5b. With dissolved CO2 present in the pore fluid, the pore pressure responded to 
the confining stress reduction according to (1), but the pore pressure spontaneously rose 
after reaching a minimum value of 1.531 MPaG  (222.1 psig). The broken black lines are 
the theoretical pore fluid pressure and effective stress responses computed with the 
integral expression of (1). The CO2 partial pressure is also indicated with a broken black 
line. In the experiment shown, Ωmax = 1.15±0.01, and the average pressure buildup rate in 
the first 100 seconds is  pp = 117±12 kPa/min. 
 
Seven pore pressure response traces obtained with the foil-wrapped core are 
shown in Fig. 6. 
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Figure 6. Pore pressure traces starting at minpp . The broken black line is 2COp = 1.758 
MPaG (255 psig).  
 
5. Analysis 
Quasi-static reductions in confining stress resulted in proportional reductions in 
pore fluid pressure in agreement with (1), with B = 0.79 ± 0.02. The average rate of pore 
pressure buildup in the first 100 seconds was sensitive to the saturation with respect to 
CO2, maxΩ , at the lowest pore pressure value realized during the confining stress drop, as 




Figure 7. Rate of pore pressure buildup in the initial 100 seconds after a rapid drop in 
confining stress, as a function of the saturation with respect to CO2 at the lowest pore 
pressure value realized during the confining stress drop. The highest background rate of 
pore pressure buildup due to temperature fluctuations in the laboratory was 0.1 kPa/min. 
Error bars for the green data points were calculated by first-order, second-moment 
analysis, with particular attention to the discrepancy between the observed and expected 
minimum pore fluid pressure. For the upper-most data point, the difference between the 
observed and expected pore pressure minimum was 0.16 MPa (23 psi), which introduces 
error into the maximum saturation and the initial pressure buildup rate. That 
measurement was repeated with a 100 Hz sampling rate, yielding the point immediately 
below and to the left.  
 
Wrapping the core in foil caused no noticeable change. Deeper incursions into 
super-saturation were conducted with the foil-wrapped core, but the overlapping portion 
of the data set in Fig. 7 shows that the foil did not affect the spontaneous pore pressure 
buildup rate. 
The minimum pore fluid pressure realized during the confining stress drop minpp  
was checked against the value expected based on (1). At the initial sampling rate of 1 Hz, 
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bubble nucleation and growth might occur so quickly that the minpp  value reported by the 
data logger was higher than the actual value, potentially introducing an error into the 
maxΩ  values in Fig. 6. This was the motivation to move to a 10 Hz sampling rate. At 10 
Hz the discrepancy between the observed minpp  values and the values predicted by (1) was 
not larger than 41 kPa (6 psi), except for the upper-most data point, for which the 
expected pore pressure minimum was 0.586 MPaG (85 psig) and the observed minimum 
was 0.767 MPaG (111.2 psig). 
With the exception of the 1.758 MPaG (255 psig) batch,
2CO
p values for the pore 
fluids were calculated as follows. By assuming that the gas phase was in equilibrium with 
the aqueous phase at equilpp , we substitute 
equil
pp  into (2) to obtain [CO2(aq)]equil. The 
number of moles of CO2(g), normalized by the total pore volume, is calculated from the 
net change in pore fluid pressure and the Young’s modulus of water. Using the ideal gas 
law with the compressibility factor, Z = PV/(nRT), of CO2(g) at equilpp , the number of 
moles of CO2 in the gas phase (normalized by pore volume) was calculated and added to 
the number of moles of CO2 in the aqueous phase (also normalized by pore volume). The 
gas-phase and aqueous-phase mole counts, normalized by pore volume, were then 
summed to obtain the total number of moles of CO2 per unit volume of pore fluid, and 
that value was divided by 
2,COH
K = 0.29 mol L-1 MPa-1 to obtain a value of 
2CO
p . This 
procedure was carried out six times with the first pore fluid (
 
pCO2 = 2.330 MPaG), twice 
with the second (
 
pCO2 = 0.621 MPaG), and only once with the third ( 




p  value for the third solution was also measured by flowing 6 mL of pore 
fluid through the core and into a 50 mL syringe. The solution in the syringe was allowed 
to equilibrate at atmospheric pressure. As CO2 came out of solution, the gas volume in 
the syringe increased until achieving a final volume of ~38 mL. Using (2) and the ideal 
gas law, this measurement yielded 
2CO
p ~ 1.05 MPaG (150 psig), whereas the other 
method yielded 
2CO
p ~ 1.19 MPaG (172 psig). The uncertainty in each of the reported 
2CO
p  values is the standard deviation of all of the 
2CO
p  measurements for a given pore 
fluid, except the 
2CO
p = 1.758 MPaG (255 psig) fluid, which was prepared by the 
alternate, more precise method. 
After a long equilibration, restoring the confining stress to 3.447 MPaG (500 psig) 
resulted in a pore fluid pressure 0.1-0.4 MPa (15-60 psi) above the pre-stress-drop value 
(Fig. 8). The over pressure decayed fairly rapidly and did not always return all the way to 





Figure 8. Pore fluid pressure and effective stress response to confining stress drop, dwell, 
and recovery. The pore pressure rose from a minimum value of 1.267 MPaG (183.7 psig) 
to an equilibrium value of 1.661 MPaG (241 psig) over 7 hours. Restoration of the 
confining stress to the pre-drop value resulted in a pore fluid pressure of 2.352 MPaG 
(341.2 psig), which decayed back to the initial value 2.069 MPaG (300 psig) over about 
one hour.  
 
6. Discussion 
We observed spontaneous pore pressure buildup in response to rapid reductions in 
confining stress on a jacketed Berea sandstone core flooded with an initially sub-
saturated aqueous solution of CO2. Spontaneous pore pressure buildup rates were 
measured in a Berea sandstone core flooded with an initially under-saturated aqueous 
CO2 solution, as a result of a rapid drop in confining stress. The spontaneous pore 
pressure buildup in the 100 seconds following the confining stress drop scaled with the 
saturation with respect to the dissolved CO2 at the minimum pore pressure, from 10 
kPa/min near unity saturation, to 166 kPa/min at a saturation of 1.8. The resulting net 
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pore pressure gain and effective stress reduction were as large as 0.7 MPa (100 psi) over 
a five-hour period following a confining stress drop. Consistent results were obtained 
using five different CO2 partial pressures.  
Gas bubble nucleation and growth caused spontaneous pore pressure buildup 
when the pore fluid pressure fell to within about 0.1 MPa of the CO2 partial pressure, 
suggesting a Laplace pressure on the order of 0.1 MPa, which is consistent with a mean 
bubble diameter of 0.5 to 1.0 µm.   
The critical saturation value was Ω* = 1.0 ± 0.1 for five different pore fluids, each 
with a different value of 
 
pCO2 . The San Pellegrino sparkling water yielded results 
consistent with the other pore fluids, despite higher pH and salinity, suggesting that pH 
and aqueous carbonate speciation do not influence the initial pore pressure buildup rate to 
an extent that is detectable above the experimental uncertainty. 
The rate of pore pressure buildup in the first 100 seconds after the confining stress 
drop increased as maxΩ  increased; and the pore pressure buildup decelerated as it 
approached a new equilibrium pressure. The timescale for the system to reach the new 
equilibrium pressure following the initial depressurization was on the order of 5 hours. 
The pore pressure increased by as much as 0.69 MPa (100 psi) due to bubble nucleation 
and growth subsequent to a confining stress drop of 1.38 MPa. A pore pressure increase 
of 0.69 MPa corresponds to a ~70 m increase in freshwater hydraulic head. The pore 
fluid pressure did not rise above its initial value in any of the experiments that we ran, 
which indicates that a partial recovery of the confining stress may be required to 
 60 
exclusively attribute co-seismic borehole water level rise to gas bubble nucleation and 
growth. 
The transient pore pressure buildup in response to a rapid, quasi-static confining 
stress reduction tended to reduce effective stress in the hours following the event. The 
0.69 MPa rise in fluid pressure also caused a 0.69 MPa reduction in effective stress.  
The reaction H2CO3 (aq) à CO2(g) + H2O(l) is exothermic 
(ΔHR
o = −17.24kJ /mol) , and the heat energy released in the reaction warms the pore 
fluid, which slightly suppresses the solubility, potentially leading to additional gas-phase 
production. If, for example, all of the CO2 initially dissolved in the pore fluid in the core 
transitioned into the gas phase, assuming a porosity of 30 percent, with KH ,CO2 = 0.29  
mol L-1 MPa-1, the temperature would rise by roughly 2oC, neglecting the heat capacity of 
the sandstone core. In reality, not all of the CO2 comes out of solution, and the solid rock 
matrix would absorb significant fraction of the heat released, resulting in a much smaller 
temperature increase. 
Several factors contributed to a larger than expected concentration of dissolved 
CO2 in the pore space when using the first method for preparing the pore fluid. 
Specifically, during the process of flowing CO2 through the core, some phase separation 
may have occurred, potentially leading to an accumulation of gas-phase CO2 in the pore 
space, which dissolved during the conditioning process while the pump was in 
communication with the core. In addition, the CO2-H2O solution is denser than pure H2O 
[Kneafsey and Pruess, 2010], and would have accumulated at the bottom of the pump 
reservoir. During the flooding process, the effluent would be expected to increase in 
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concentration over time, and this observation was confirmed qualitatively by sampling 
with a syringe. Earlier samples yielded less gas at atmospheric pressure for a fixed 
volume of effluent than samples collected later in the flooding process. The fluid present 
in the core during the experiment was the last to leave the pump reservoir. The pump 
dispenses from the top of the reservoir, so the fluid locked into the core during the 
experiment would have been the most concentrated with respect to dissolved CO2.   
The horizontal and vertical error bars in Fig. 7 reflect the discrepancy between the 
observed minimum pore pressure and the value predicted by the integral expression of 
(1), which introduces uncertainty into the maximum saturation with respect to dissolved 
CO2 as well as the initial pore pressure buildup rate. As an alternative to Fig. 6, the 
maximum saturation with respect to CO2 and the pore pressure buildup rate are 
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The maximum saturation and pore pressure buildup rate computed using the 




Figure 9. Maximum saturation with respect to dissolved CO2 and the pore pressure 
buildup rate in the 100 seconds following the confining stress drop computed using the 
theoretical minimum pore pressure, instead of the observed minimum pore pressure. The 
horizontal axis is computed from (9) and the vertical axis is computed from (10) and then 
converted to kPa/min. Linear regression yields  pp ' = 167.43(Ωmax ')−156.1  with units of 
kPa/min, and R2 = 0.97. 
 
Linear regression of the data plotted in Fig 9. reveals  pp ' = 167.43(Ωmax ')−156.1 , 
with dimensions of kPa/min. Solving for  pp = 0  returns Ωmax '  = 0.93. With  
pCO2 = 1.758 
MPaG (255 psig), the bubble pressure is pb  = 1.886 MPaG (273.5 psig), which is 0.13 
MPa (18.5 psi) above the partial pressure. With (7), the difference between the bubble 
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Chapter 3 - Experimental evidence for seismically initiated gas bubble nucleation 
and growth as a mechanism for co-seismic borehole water level rise and remotely 
triggered seismicity  
 
Jackson B. Crews1,2 and Clay A. Cooper1 
  
Abstract 
Changes in borehole water levels and remotely triggered seismicity occur in response to 
near and distant earthquakes at locations around the globe, but the mechanisms for these 
two phenomena are not well understood. In the present study, experiments are conducted 
to show that seismically initiated gas bubble nucleation and growth in groundwater 
triggers a sustained increase in pore fluid pressure consistent in magnitude with observed 
co-seismic borehole water level rise, and constitutes a physically plausible mechanism for 
remote triggering of secondary earthquakes through the reduction of effective stress in 
critically loaded faults. A portion of the CO2 degasing from the earth’s crust dissolves in 
groundwater where seismic Rayleigh and p-waves cause dilational strain, which can 
reduce pore fluid pressure to or below the bubble pressure, triggering CO2 gas bubble 
nucleation and growth in the saturated zone, indicated by a spontaneous buildup of pore 
fluid pressure. Excess pore fluid pressure was measured in response to the application of 
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0.1-1.0 MPa, 0.01-0.30 Hz confining stress oscillations to a Berea sandstone core flooded 
with initially sub-saturated aqueous CO2, under conditions designed to simulate a 
confined aquifer.  Confining stress oscillations equivalent to the dynamic stress of the 
June 28, MW 7.3 1992 Landers, California, earthquake Rayleigh wave as it traveled 
through the Long Valley caldera, California increased the pore fluid pressure in the Berea 
core by an average of 36 ± 15 cm of equivalent freshwater head, in agreement with a 41.8 
cm rise recorded in a well at that location. Similarly, the water level in the Bourdieu 
Valley well, 20 km northwest of Parkfield, California, rose 34 cm after passage of the 
Landers Rayleigh wave, and the dynamic strain recorded in response to the Landers 
earthquake at Parkfield resulted in a 24 ± 15 cm average freshwater head increase in the 
Berea core. The results of the present study support the hypothesis that seismically 
initiated gas bubble nucleation and growth in groundwater can drive co-seismic borehole 
water level changes and remotely trigger secondary seismicity. 
 
1. Background 
Co-seismic borehole water level rise 
Water levels in some wells respond to near and distant earthquakes [Roeloffs et 
al., 2003, 1995; Roeloffs, 1998; Woodcock and Roeloffs, 1996; Liu et al., 1989; Zones, 
1957; Leggette and Taylor, 1934; Sterns, 1928]. The water level can be increase or 
decrease, but the water level change in a given well always has the same sign, regardless 
of the sign of the local static stress change. In wells that exhibit co-seismic water level 
rise, the increase in water level scales with the earthquake magnitude, and inversely as 
the square of the distance to the hypocenter [Roeloffs, 1998]. Co-seismic water level rise 
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typically begins within minutes of the passage of the seismic surface wave train and 
builds to a peak over hours to days, then slowly declines to or near pre-earthquake level 
within hours or weeks. The largest co-seismic water level rise in a given well tends to 
occur when the pre-earthquake water level is at or near a seasonal low [Roeloffs, 1998]. 
The June 28, 1992 MW 7.3 Landers, California, earthquake induced water level changes 
ranging from -180 cm to +300 cm in wells in Parkfield, Long Valley caldera, and 
southern California (Fig. 1), and caused borehole water level oscillations in Oregon and 
Nevada [Roeloffs et al., 1995].  
 
 
Figure 1. Satellite image marking borehole water level response [Roeloffs et al., 1995] 
and locations of remotely triggered seismicity [Hill et al., 1993] (yellow) caused by the 
June 28, 1992, Mw 7.3 Landers, California, earthquake. The 300 cm response in the 
Lucerne Valley well includes the effects from the June 28, 1992 ML 6.2 Big Bear 
earthquake. 
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The Bourdieu Valley well, 435 km from the Landers hypocenter, responded with 
a 34 cm increase in water level, beginning within the 15-minute sampling interval, after 
borehole instruments in Parkfield, California, 20 km southwest of the well, recorded the 
passage of a 0.1-0.2 MPa Rayleigh wave, reaching a peak after ~36 hours (Fig. 2).  
 
 
Figure 2. Water level response to the June 28, 1992, Mw 7.3 Landers, California, 
earthquake in the 30 m deep Bourdieu Valley well [Roeloffs et al., 1995 – USGS open 
file report], 20 km northwest of Parkfield, California, where borehole strain meters 
recorded the passage of a 0.1-0.2 MPa Rayleigh wave. 
 
The Bourdieu valley well is insensitive to tidal strain, and a change in static stress 
from the Landers earthquake cannot explain the water level rise [Roeloffs, 1998]. 
Previously proposed mechanisms for co-seismic borehole water level rise attribute an 
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increase in pore fluid pressure within a few meters of the wellbore to liquefaction 
[Roeloffs, 1998], the intrusion of hot groundwater [Roeloffs et al., 2003], permeability 
enhancement from ground shaking [Rojstaczer et al., 1995], the dislodging of fine-
grained solids [Brodsky et al., 2003] or gas bubbles [Faybishenko, 1995] in the pore 
space. However, liquefaction requires unrealistically high ground acceleration [Roeloffs, 
1998] and cannot explain co-seismic water level rise in consolidated aquifers [Woodcock 
and Roeloffs, 1996]. Models based on the other mechanisms incorrectly predict the sign 
or magnitude of the water level change depending on prevailing hydrologic conditions 
[Roeloffs, 1998]. Wells completed in highly transmissive aquifers exhibit large-amplitude 
water level oscillations at frequencies on the order of 0.05-0.10 Hz, in response to 
dilational strain from Rayleigh and p-waves [Liu et al., 1989; Cooper et al., 1965]. After 
the seismic oscillation ceases, the amplitude of the water column oscillation in the well 
decays, and the water level in the well is expected to return to its pre-earthquake value 
[Cooper et al., 1965]. The mechanism by which pore fluid pressure oscillations generate 
a persistent increase or decrease in pore fluid pressure is not known [Brodsky et al., 
2003]. The sustained co-seismic water level response in many wells cannot be attributed 
directly to seismically induced water column oscillation or poroelastic response to a 
change in static stress [Roeloffs, 1998].  
 
Remotely triggered seismicity 
The phenomenological validity of remotely triggered seismicity met with 
considerable skepticism prior to recent advances in wide-scale, high-resolution seismic 
data networks, and skepticism persists due to a lack of a physically consistent model [Hill 
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et al., 1993]. The critical shear stress τcrit required to cause a fault to slip is modeled by 
[Hubert and Rubey, 1959], 
 
τ crit = µ σ − pp( ) +τ o      (1) 
where µ is the coefficient of friction, σ  is the mean normal confining stress,  
pp is the 
pore fluid pressure, and τo is the cohesive strength of the sliding surface. The June 28, 
1992 Landers, California, earthquake triggered seismicity in the White Mountains, Long 
Valley caldera, and Mount Lassen, California, as well as in Cedar City, Utah; Cascade, 
Idaho; and Yellowstone, Wyoming. Remotely triggered seismicity occurred within 30 
seconds to 33 hours after the main shock. Triggered seismicity at Long Valley caldera, 
California, began 30-40 seconds after borehole instruments recorded the passage of a 
high-amplitude (0.3-0.4 MPa) Rayleigh wave. Seismic wave amplitude is attenuated by 
frictional losses, and static and dynamic strain computed from linear elastic models at 
distances larger than two source dimensions from an earthquake rupture are insufficient 
to induce fault movement [Hill et al., 1993]. Sites remotely triggered by the Landers 
main shock included but were not limited to seismically active regions associated with 
volcanic and geothermal activity, including the Long Valley, Medicine Lake, and 
Yellowstone calderas (Fig. 1). Proposed triggering modes include reduction of effective 
stress due to 0.05-0.2 Hz pore fluid pressure oscillation and exsolution of volatiles from 
magma bodies [Linde et al., 1994] in response to dilational wave propagation. The timing 
and location of remotely triggered seismic events points to an increase in pore fluid 
pressure [Hill et al., 1993, 1995]. In the Long Valley caldera in particular, the 
coincidence of seismicity induced by the Landers main shock and a compressional strain 
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transient suggests that an increase in pore fluid pressure in the upper crust induced 
seismicity at that location. Excess pore fluid pressure is also attractive as a triggering 
mechanism in light of the observation that induced seismicity persisted up to a week after 
the Landers earthquake, further ruling out dynamic stress as the cause. Roeloffs [1998] 
suggested that co-seismic borehole water level rise could be linked to remotely triggered 
seismicity. Other instances of remotely triggered seismicity occurred in response to the 
2002 Denali, 1999 Hector Mine [Hill and Prejean, 2006], 1906 San Francisco, 1946 
Nankindo, 1952 Kern County, and 1985 Papua New Guinea earthquakes, with similar 
time-delays, and also in areas associated with geothermal and recent volcanic activity 
[Hill et al., 1993]. The November 3, 2002 Mw 7.9 Denali fault earthquake remotely 
triggered seismicity at locations up to 10,000 km from the hypocenter beginning 
concurrently with the passage of Rayleigh and Love waves. At Mount Rainier, 
Washington, Long Valley caldera, California, and Yellowstone, Wyoming, seismicity 
remotely triggered by the Denali earthquake occurred 2.5 hours, 23.5 hours, and 8 days 
after the main shock, respectively [Prejean et al., 2004; Husen et al., 2004]. The largest 
dynamic stress from the Denali fault earthquake Rayleigh wave was recorded at 
Yellowstone, Wyoming, and in the central Utah seismic zone with magnitude 0.2-0.3 
MPa [Husen et al., 2004, Pankow et al., 2004]. Induced seismicity at Yellowstone was 





A new mechanism for co-seismic borehole water level rise and remotely triggered 
seismicity – Empirical evidence 
In the present study, we propose that co-seismic borehole water level rise and 
remotely triggered seismicity can be attributed to a buildup of pore fluid pressure in 
response to seismically initiated gas bubble nucleation and growth in the pore space, 
under confined conditions. Further empirical evidence supporting this mechanism is 
described below. 
The pore pressure buildup is accompanied by a reduction of effective stress and 
critical shear stress beginning within seconds of the main shock and persisting over a ~ 
36 hour interval, consistent with the timescale of seismicity remotely triggered by the 
1992 Landers earthquake [Hill et al., 1993], particularly in cases where the distance-
attenuated dynamic strain of the seismic wave and the pore fluid pressure oscillation 
alone are insufficient in magnitude to do so.   
The 30 m deep Bourdieu Valley well responds to local and distant earthquakes 
with water level rises ranging from 5.0 – 85 cm, scaling with the earthquake magnitude 
and inversely as the square of the distance to the hypocenter [Roeloffs, 1998]. The well is 
completed in a confined alluvial aquifer with fluid compressibility greater than that of 
pure water, inferred from hydrologic testing. In addition, the audible rupture of gas 
bubbles of unknown composition at the free surface in the wellbore suggests that the 
water in the aquifer is initially saturated with respect to dissolved gas. Five municipal 
supply wells operated by the City of San Bernardino began producing bubbles composed 
of air slightly enriched with CO2 on July 21, 1992 – three weeks after the 1992 Landers, 
earthquake, and the water level in one of those wells rose 0.3 cm immediately after the 
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earthquake. The bubbles clogged filters, and their continued presence was reported as late 
as July 19, 1994 [Roeloffs et al., 1995]. High CO2 surface fluxes have been documented 
in the Long Valley caldera, California, and elsewhere in association with local seismic 
and geothermal activity [Bergfeld et al., 2001, 2006; Farrar et al., 1995], and water 
levels in wells in that area respond to local and distant earthquakes. The CO2 
concentration at the land surface is high enough at times to kill vegetation and present a 
lethal hazard to humans. Elevated CO2 surface flux is also documented along the San 
Andreas fault near Parkfield, California [Lewicki and Brantley, 2000]. 
 
Dissolved gas in groundwater 
Carbon dioxide (CO2) gas in the earth’s crust, derived from degasing magma, 
metamorphism, and shallow biogenic processes, is soluble in groundwater [Kerrick, 
2001]. At pore fluid pressures pp  in excess of the bubble pressure pb = pCO2 + 2γ / R ' , 
where pCO2  is the partial pressure of CO2, γ  is the CO2-H2O interfacial tension (20 <  γ 
< 50 mN/m [Nielsen et al., 2012]), and R’ is the mean radius of pre-existing microscopic 
gas cavities trapped in hydrophobic crevices at the liquid-solid boundary, on which 
bubble nucleation occurs [Jones et al., 1999], the aqueous CO2 phase is stable and 
slightly denser than CO2-free water [Kneafsey and Pruess, 2010]. At pore fluid pressures 
equal to or below , dissolved CO2 can come out of solution, forming gas bubbles 
according to H2CO3(aq) à H2O(l) + CO2(g). Under confined conditions, will increase 
as newly formed gas bubbles displace and compress the liquid in the pore space [Crews 






Dilational seismic waves (e.g., Rayleigh and p-waves) propagate as sinusoidal 
oscillations of the mean normal confining stress,  [Lowrie, 1997; Geertsma and Smit, 
1961; Biot, 1956], 
 σ (t) = Δσ sin(2π f ⋅ t +φ)+σ o     (2) 
where  is the amplitude of the confining stress oscillation, is the frequency,  is 
the initial phase angle, and is the initial confining stress. In response, the pore fluid 
pressure oscillates in phase with confining stress, 
 
pp (t) = BΔσ sin(2π f ⋅ t +φ)+ pp
o        (3) 
where 
 
B = Δpp / Δσ  is Skempton’s coefficient, a property of the liquid-saturated matrix 
[Skempton, 1954], and  is the initial pore fluid pressure. The pore fluid pressure can 
also be expressed as an explicit function of the confining stress, 
pp σ( ) = B(σ −σ o )+ ppo       (4) 
In the present study, we show that the pore fluid pressure responds to confining stress 
oscillations as described by (4) for all cases where pp > pb , and that the pore pressure 
response deviates from (4) when pp ≤ pb  during some portion of the oscillation. Pore 
fluid pressure buildup due to gas bubble growth reduces the effective stress, 
σ eff =σ − pp        (5) 
Taking the difference between σ  and (4) yields an expression for the gas-free effective 
stress response as an explicit function of σ , 
σ






σ eff (σ ) =σ (1− B)+ Bσ o − pp
o     (6) 
Eqns. (4) and (6) can be compared to the observed responses to determine the influence 
of CO2 gas bubble growth in the pore space [Crews and Cooper, 2014]. 
 
2. Method 
A 15.24 cm length of 4.76 cm diameter (NQ) Berea sandstone core was wrapped 
in a monolayer of aluminum foil, with the overlapping edge of the foil sealed with 
silicone grease. The foil-wrapped core was placed between two ported steel end caps, and 
a heat-shrink tube was fitted over the core and end caps to isolate the confining fluid from 
the pore fluid. The jacketed core and end caps were placed inside a Structural Behavior 
Engineering Laboratories GP-1A stainless steel high-pressure vessel, and the annular 
space was filled with degased, deionized (DGDI) water (Fig. 3).  
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Figure 3. Schematic of the apparatus used in the present study, and images showing 
detail of the rock core, jacket, and end cap assembly. 
 
Under a confining stress of 1.379 MPaG (200 psig) supplied by a Teledyne Isco 
500D syringe pump, the core was flushed with an excess of low pressure CO2 gas from a 
second, identical syringe pump to remove air. The core was then flushed with 1.5 L of 
DGDI water and pressurized to 2.758 MPaG (400 psig) for 48 hours. Skempton’s 
coefficient  B  was measured by monitoring the pore fluid pressure while varying the 
confining stress with the inlet and outlet valves to the core closed. Pressure was measured 
with three Omega PX409-500G5V-XL transducers, calibrated on a Chandler Engineering 
5015T dead weight calibrator, with one transducer measuring confining stress and one at 
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CR1000 data logger at a measurement frequency of 10 Hz and an accuracy of ±1 kPa 
(0.15 psi). A BK Precision 4014B signal generator was connected to the confining fluid 
pump motor to execute confining stress oscillations on the core. Oscillations were 
conducted at frequencies from 0.01-0.30 Hz at amplitudes from 0.10-1.0 MPa (15-150 
psi). Several oscillations were conducted with DGDI water in the pore space to check the 
validity of (4). An aqueous CO2 solution was prepared by flowing CO2 gas onto DGDI 
water in the pore fluid pump reservoir at 1.758 MPaG (255 psig). The core was flushed 
with 1 L (~40 pore volumes) of the aqueous CO2 solution under 2.758 MPaG (400 psig) 
at the upstream end and 2.689 MPaG (300 psig) at the downstream end. The outlet valve 
from the core was then closed and the pore fluid pump remained in communication with 
the core for 48 hours at 2.758 MPaG (400 psig). This solution yielded a bubble pressure 
of 1.882 MPaG (273 psig) in the Berea sandstone core [Crews and Cooper, 2014]. After 
setting the initial pore fluid pressure and confining stress, the inlet valve to the core was 
closed and the pore fluid pressure was monitored for stability. Once the initial pore fluid 
pressure stability was confirmed, the confining stress oscillation was initiated. After the 
oscillation was terminated, the confining stress was restored to its initial value. The 
observed pore fluid pressure responses were compared to (4) and the effective stress 
responses were compared to (6). Between experiments, the confining stress was returned 
to 3.447 MPaG (500 psig) and the pore fluid pressure was restored to 2.068 MPa (300 
psig) with the inlet valve open for 12-48 hours. A total of 106 experiments were 
conducted, including 86 sine waves and 20 square waves, at various amplitudes, 
frequencies, and durations. The data presented in this paper is restricted to six-period, 
0.1-1.0 MPa, 0.01-0.30 Hz sine wave oscillations, with particular attention to the 
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amplitude and frequency range associated with the 1992 Landers Rayleigh wave. 
Physical parameters used in the experiment described in the present study are listed in 
Table 1. 
Symbol Description Value(s) Notes 
pCO2  Pore fluid CO2 partial pressure 1.758 MPaG 
(255 psig) 
Would be saturated 
at a hydrostatic 
depth of ~180 m. 
pb  Bubble pressure 1.882 MPaG 
(273 psig) 
[Crews and Cooper, 
2014] 
pp





σ o  Initial confining stress 2.413-2.448 MPaG 
(350-355 psig) 
91-92 m equivalent 
lithostatic depth 
B  Skempton’s coefficient 0.86 ± 0.05  





f  Confining stress oscillation 
frequency 
0.01-0.30 Hz 0.05-0.30 Hz band 
is associated with 
Rayleigh waves 
k  Berea sandstone core 
permeability 
2.4× 10-9 cm2 
(240 millidarcies) 
[Crews and Cooper, 
2014] 
φ  Porosity 0.05-0.30 [Domenico and 
Schwartz, 1990] 
Table 1. Physical parameters describing the experiment presented in the present study. 
 
3. Results and Analysis 
With DGDI water in the pore space, the pore fluid pressure and effective stress 
responded to confining stress oscillations according to (4) and (6), respectively with B = 
0.86 ± 0.05 (Fig. 4).  
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Figure 4. Pore fluid pressure response to confining stress oscillations with degased, 
deionized water in the pore space of the Berea sandstone core (top), and with initially 
sub-saturated aqueous CO2 (bottom). Broken black lines denote pCO2 , the theoretical, 
dissolved-gas-free pore fluid pressure and effective stress responses (4) and (6), 
respectively. 
 
 With high-CO2 water in the pore space, the pore pressure builds up during the 
confining stress oscillation. This buildup is evident in some of the experiments as an 
increasing discrepancy between the observed and expected peak and trough pore pressure 
values. As the gas phase evolves in the pore space, the pore fluid compressibility 
increases, which masks the pore pressure buildup during the confining stress oscillation. 
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When the oscillations are terminated, the difference between the observed pore pressure 
and the expected pore pressure (4) is more evident, as seen in Fig. 4. The difference 
between the observed final pore fluid pressure and (4) was converted to cm of freshwater 
to fascilitate comparison with changes in borehole water levels reported in the literature. 
Excess pore fluid pressure measured in response to six periods of 0.1-1.0 MPa, 
0.01-0.30 Hz confining stress oscillation is reported in cm of equivalent freshwater head 
in Table 2.  
 
 
Table 2. Excess pore fluid pressure measured in a Berea sandstone core flooded with 
initially sub-saturated aqueous CO2, in response to six periods of confining stress 
oscillation, under conditions representative of a confined aquifer. The first-order, second-
moment uncertainty in the observed excess pore fluid pressure is ±15 cm. Repeatable 
drops in pore pressure were observed at four frequency-amplitude pairs, and these drops 
are highlighted in red. These data represent a subset of 106 confining stress oscillation 
experiments that were conducted for the present study, ranging from one to 50 cycles. 
 
 
f (Hz) 0.1 0.2 0.3 0.4 0.7 1.0
0.01 -54 51 42 90 431
0.03 14 293
0.04 8 -46
0.05 13 20 16 24 -106 28
0.10 18 22 30 34 -99 25
0.15 20 23 35 46
0.20 22 25 40 51
0.25 26 33 42 55
0.30 28 38 45 60
1992 Landers Rayleigh wave dynamic stress at Long Valley caldera, CA
1992 Landers Rayleigh wave dynamic stress at Parkfield, CA
confining stress amplitude (MPa)
Pressure increase  (centimeters of freshwater)
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4. Discussion and Conclusions 
 The application of 1-6 periods of 0.1-1.0 MPa, 0.01-0.30 Hz confining stress 
oscillations to a Berea sandstone core flooded with initially sub-saturated aqueous CO2 
under conditions representative of a confined aquifer resulted in excess pore fluid 
pressure ranging from -106 cm to 431 cm of equivalent freshwater head, a range that is 
consistent with borehole water level changes induced by near and distant earthquakes 
[Roeloffs, 1998]. 
 Confining stress oscillations representative of the dynamic stress generated by the 
Landers earthquake Rayleigh wave at Parkfield and Long Valley caldera, California, 
applied to a Berea sandstone core, resulted in excess pore fluid pressure consistent, 
within the experimental uncertainty, with observed increases in borehole water levels in 
those locations.  
 Differences exist between the idealized core-scale experiment and field-scale 
manifestations of seismically triggered bubble nucleation and growth. The Bourdieu 
Valley well, for example, is completed in an alluvial aquifer, not Berea sandstone; and 
the aquifer is imperfectly confined relative to the absolute confinement to which the 
Berea sandstone core in the experiment is subject. As a result, large increases in pore 
fluid pressure in the aquifer may not be fully expressed as borehole water level rise if the 
excess pore fluid pressure causes additional discharge from the aquifer to a stream, for 
example, and this may explain co-seismic increases in stream discharge [Muir-Wood and 
King, 1993]. While excess pore fluid pressure is expressed immediately after termination 
of the confining stress oscillation in the Berea sandstone core, the pore pressure buildup 
exhibited by the Bourdieu Valley is rate-limited by diffusion of excess pore pressure 
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from other parts of the aquifer to the well over distances much larger than the scale of the 
core. The pore pressure buildup in the Bourdieu Valley well is consistent in character and 
rate with diffusion of elevated pore fluid pressure to the well from the aquifer [Roeloffs, 
1998]. The duration of the seismic wave train also influences the resulting excess pore 
fluid pressure. Doubling the number of oscillation periods from 3 to 6, however, does not 
double the resulting excess pore fluid pressure, likely because the nucleation and growth 
of bubbles slows as the pore pressure increases. Six periods of 1.0 MPa, 0.01 Hz 
oscillation yielded 431 cm of freshwater head increase, while three periods at the same 
frequency and amplitude yielded 289 cm, and one period yielded 253 cm equivalent 
freshwater head increase. Variations in the duration of the confining stress oscillation 
between field sites and the experiment described in the present study may account for 
some discrepancies between the resulting excess pore fluid pressures. 
 With the exception of four amplitude-frequency pairs (highlighted in red in Table 
1) all yielded an increase in pore fluid pressure, possibly due to dissolution of pre-
existing microscopic gas cavities in the pore space during the confining stress peaks, 
though it is unclear why slightly higher and slightly lower frequency oscillations at the 
same amplitude result in repeatable increases in pore fluid pressure. One possible 
explanation is that some gas-phase CO2 is initially present in the pore space. Pore fluid 
pressure oscillations at low frequency and high amplitude result in intervals during which 
the pore fluid pressure is larger than the bubble pressure – corresponding to pore pressure 
peaks, which may drive gas-phase CO2 into the aqueous phase. The Haibara well in Japan 
exhibits co-seismic water level drops, and aquifer pumping and core data from that well 
reveal that the pore fluid is twice as compressible as water. The co-seismic water level 
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drops in the Haibara well are consistent with the removal of a small amount of gas from 
the pore space at least 80 m from the well [Matsumoto and Roeloffs, 2003]. While ground 
shaking could mobilize bubbles in the pore space, as Matsumoto and Roeloffs [2003] 
suggest, cyclic compression due to seismic pore fluid pressure oscillation may result in a 
gas-to-aqueous phase transition. The largest observed drop in pore pressure was 106 cm 
of freshwater in response to six cycles of confining stress oscillation at 0.7 MPa (100 psi) 
amplitude and a frequency of 0.05 Hz. This drop in pressure is consistent with the 
removal of a pre-existing gas phase whose volume is on the order of 10-2 to 10-1 percent 
of the total pore volume. 
The initial saturation with respect to dissolved CO2 influences the resulting excess 
pore fluid pressure. At low initial saturation with respect to dissolved CO2, the solution 
spends a short time interval at a relatively small super-saturation, followed by a longer 
period of sub-saturation, during which gas-phase CO2 can undergo partial re-dissolution. 
Differences in the pre-earthquake saturation with respect to dissolved gas in various 
aquifers may account for variations in co-seismic borehole water level rise, and elevated 
pre-earthquake gas-phase fraction in the pore space may explain some of the observed 
co-seismic water level decreases. Sensitivity to initial saturation can also explain why the 
largest co-seismic water level increase in a given well occurs when the pre-earthquake 
water level is at or near a seasonal low; reduced hydrostatic pressure translates to greater 
initial saturation with respect to dissolved CO2, which, for a confining stress oscillation 
of given amplitude, results in deeper incursion below the bubble pressure. The October 
18, 1989 MW 6.9 Loma Prieta, California earthquake caused the water level in the 
Bourdieu Valley well to rise 85 cm, more than twice the effect of the 1992 Landers 
 86 
earthquake, but the dynamic stress of the Landers Rayleigh wave in Parkfield was 2-5 
times larger than that of the Loma Prieta Rayleigh wave, at frequencies below 0.1 Hz. 
However, dynamic strain from the Loma Prieta Rayleigh wave at Parkfield was larger 
across the 0.14-0.3 Hz band [Spudich et al., 1995], indicating that the 0.14-0.3 Hz band 
primarily drives water level increases in the Bourdieu Valley well [Roeloffs et al., 1998]. 
In the present study, the excess pore fluid pressure in the Berea core increased as the 
confining stress oscillation frequency increased from 0.05 Hz to 0.30 Hz (Table 1), which 
supports that assertion. 
The results of the experiment described in the present study support the 
hypothesis that seismically initiated gas bubble nucleation and growth raise pore fluid 
pressure to an extent consistent with observed co-seismic borehole water level increases, 
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Chapter 4 - A first-order kinetic numerical model of pore pressure buildup in CO2 
saturated groundwater 
 
Jackson B. Crews1,2 and Clay A. Cooper1 
 
Abstract 
Experimental evidence supports the hypothesis that seismically initiated CO2 gas bubble 
nucleation and growth in groundwater increases pore fluid pressure. The excess pore 
fluid pressure measured in core-scale laboratory experiments is consistent in magnitude 
with observed co-seismic borehole water level rise. In the present study, a numerical 
model was constructed to predict the excess pore fluid pressure in a Berea sandstone core 
flooded with initially under-saturated aqueous CO2 in response to sinusoidal confining 
stress oscillations. Using a first-order kinetic model calibrated on pressure buildup and 
decay rates due to gas bubble growth and dissolution in the same physical system, the 
model in the present study underestimates the excess pore fluid pressure that develops in 
response to CO2 gas phase evolution in a Berea sandstone core. The model results 
indicate that a rate-dependent term must be included to accurately model the transient 
pore pressure buildup that occurs when bubbles grow in groundwater under confined 
conditions. 
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1. Introduction 
Dilational seismic waves (i.e. Rayleigh and p-waves) drive oscillations of the mean 
normal confining stress in the earth’s crust. In response, the pore fluid pressure in the 
saturated zone oscillates in phase, but with amplitude scaled by Skempton’s coefficient B. 
In groundwater hosting a high concentration of dissolved CO2, a gas phase evolves when 
the pore fluid pressure falls to or below the bubble pressure pb  and becomes 
instantaneously super-saturated with respect to dissolved CO2. The bubble pressure is a 
function of the CO2 partial pressure pCO2 , the CO2-H2O interfacial tension γ , and the 
mean radius R’ of pre-existing gas cavities trapped in hydrophobic crevices on the porous 
medium [Jones et al., 1999], 
pb = pCO2 +
2γ
R '
      (1) 
  The resulting nucleation and growth of CO2 gas bubbles in the pore space 
displaces and compresses the liquid phase, causing a buildup of pore fluid pressure. The 
rate of pore pressure buildup is a function of the instantaneous saturation with respect to 
dissolved CO2 gas, Ω = pCO2 / pp   [Crews and Cooper, 2014a].  
Seismic waves with amplitudes from 0.1-0.4 MPa at frequencies 0.05 ≤ f ≤ 0.30  
Hz are of particular interest in this study because borehole strain meters in Parkfield, 
California, and Long Valley caldera, California, recorded dynamic strain in those ranges 
due to the propagation of a Rayleigh wave from the June 28, 1992 MW 7.3 Landers, 
California, earthquake [Hill et al., 1993]. Water levels in some boreholes near the strain 
meters rose tens of centimeters in response to the seismic forcing, and the water level 
changes observed in some of those wells cannot be attributed to changes in static strain, 
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liquefaction, or the dislodging of pore-clogging material [Roeloffs et al., 1998]. 
Confining stress oscillations in the amplitude and frequency range reported by Hill et al., 
[1993] applied to a Berea sandstone core flooded with initially under-saturated aqueous 
CO2 under conditions representative of a confined aquifer, produce pore pressure 
increases [Crews and Cooper, 2014b] that match the water level changes reported by 
Roeloffs et al., [1995].  
 The excess pore fluid pressure that develops in response to the evolving gas phase 
also reduces the effective stress, potentially triggering failure in a critically loaded fault. 
The mechanism driving remotely triggered secondary seismicity is the subject of several 
studies [e.g., Linde et al., 1994; Jónsson et al., 2003]. Where the dynamic strain from a 
Rayleigh wave propagating from a distant hypocenter is insufficient to induce fault 
movement, the buildup of pore fluid pressure due to CO2 gas bubble nucleation and 
growth can reduce the effective stress and critical shear stress required to cause a fault 
that is hundreds of kilometers from the hypocenter to fail. The delayed and sustained 
nature of seismic events remotely triggered by the Landers earthquake is consistent with 
a local increase in pore fluid pressure. The observation that many of the earthquakes 
remotely triggered by the Landers earthquake and other earthquakes occurred in regions 
associated with geothermal and recent volcanic activity [Hill et al., 1993] suggests that 
groundwater in those areas may host high saturations with respect to dissolved CO2. 
 The seismically initiated evolution of a gas phase in a confined aquifer can affect 
water supply, water quality, and safety. Co-seismic borehole water levels rise affects 
local hydraulic gradients and can, for example, increase discharge to a stream adjacent to 
an aquifer. The 1954 Dixie Valley earthquake caused wells that had never flowed before 
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to flow for many days, which flooded the valley with surface water [Zones, 1957]. Air 
bubbles slightly enriched with CO2 clogged filters in supply wells operated by the City of 
San Bernardino in the weeks following the Landers earthquake [Roeloffs et al., 1995]. 
Like the earthquakes that trigger them, remotely triggered seismic events can damage 
structures and pose a potential health and economic hazards. For those reasons, it would 
be useful to model for the pore pressure buildup resulting from seismic forcing in a 
confined aquifer containing dissolved CO2. 
 Construction of an empirical model based on experiments [Crews and Cooper, 
2014b] is an attractive option, but the model has to be sensitive to the duration and 
character of the confining stress perturbation. While a curve fit to the experimental data 
might be useful for modeling the pore pressure excess after six periods of a single Fourier 
component of confining stress oscillation, a more practical model would predict excess 
pore fluid pressure using the Euler method, wherein the change in pore fluid pressure in a 
given time step is a function of the pressure and saturation with respect to dissolved CO2 
in the previous time step and the change in confining stress between the previous and 
current time step. 
 
2. Method 
We begin with an aquifer in which the unperturbed pore fluid pressure is pp
o  and 
the initial mean normal confining stress is σ o , such that σ o > pp
o . The local pore fluid 





n + B(σ n+1 −σ n )     (2) 
 
where B is Skempton’s coefficient, a property of the liquid-saturated porous medium 
[Skempton, 1954], 
B = cb − cs
(cb − cs )+ n(cf − cs )
     (3)  
 
In (3) cb  is the drained bulk compressibility, cs  is the compressibility of the mineral 
grains, cf  is the fluid compressibility, and n is porosity. 











      (4) 
where the left side of (4) is the pressure buildup due to evolution of the gas phase only, a 
is a fit parameter, pb is the bubble pressure, and β  is analogous to the reaction order.  
The change in pore pressure Δpp
n+1  that occurs because of gas-phase evolution 
during the n+1th time step is computed using the Euler method to numerically 














Δt     (5) 
The pore pressure in the n+1th time step is the sum of the pressure in the previous time 
step, the change in pore fluid pressure due to a change in confining stress, and the surplus 













Δt      (6) 
The model described by (6) is first-order and does not include any frequency 
dependence, though this could be achieved by including a factor of the form BΔσ f( )α in 
the third term of (6), where α is a dimensionless constant, which we have set equal to 
zero in the present study. As presented, (6) allows gas-phase CO2 to transition back into 
the aqueous phase with no distinction between the forward and reverse reaction rates, 
even in the absence of a gas phase. Since the reverse reaction 
CO2(g)+H2O(l)àH2CO3(aq) is slower that the forward reaction (forward and reverse rate 
constants are reported at 23 s-1 and 0.039 s-1, respectively in an un-cited online article 
[Wikipedia, 2014]), and because we assume no gas phase is initially present, (6) was 
modified in the numerical simulation so that the third term only contributes when it is 
positive. To model the reduction of pore pressure due to gas phase CO2 dissolving back 
into the pore water, an additional term similar to (3) can be included in (6), with 
parameter values a’, α ' , and β '  inferred from experimental data, 
pp
n+1 = pp






Δt ⋅H (pb − pp
n )







n − pb ),
H (x − x ') =
1, x ≥ x '





   (7) 
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The model was calibrated using pressure buildup rates in the same core, with the 
same pore fluid, in response to a quasi-static reduction in confining stress and subsequent 
recovery [Crews and Cooper, 2014]. With pb  = 1.882 MPaG (273 psig), a plot of (7) 
was compared to a plot of pore pressure buildup resulting from gas bubble nucleation and 
growth in the Berea sandstone core following a rapid drop in confining stress.  
The values a = 0.1 and a’ = 0.5 provided a reasonable match to the data from that 




Figure 1.  Plot of pore pressure buildup and decay (dark blue) in a Berea sandstone core 
[Crews and Cooper, 2014a] after a rapid drop and subsequent recovery of the confining 
stress. At right, the first 20 seconds of the pressure rise (bottom) and decay (top) are 
plotted with the model (7) in light blue to calibrate parameter values a and a’.  
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The Heaviside step function, H, in (7) is equal to zero when the argument is negative, and 
is equal to unity when the argument is non-negative. A summary of numerical values 
used for parameters in (7) is found in Table 1. 
 
Symbol Description Value 




a '  Reverse reaction kinetic 
proportionality constant 
0 
β  Forward reaction order 1 
β '  Reverse reaction order 1 
α  Forward reaction rate factor 
exponent 
0 
α '  Reverse reaction rate factor 
exponent 
0 
Table 1. Parameter values used in the present study to model pore pressure buildup using 
(7). 
 
Simulations carried out using (7) were conducted with initial conditions matching those 
of the core-scale experiments described in [Crews and Cooper, 2014b], and those values 
are included in Table 2. 
Symbol Description Value(s) 
pp
o  Initial pore fluid pressure 278 psig 
σ o    Initial confining stress 350 psig 
pb  Bubble pressure 273 psig 




B  Skempton’s coefficient 0.86 
f Confining stress oscillation 
frequency 
0.01-0.25 Hz 
Δt   Time step 0.1 sec 
Table 2. Parameter values from the core-scale experiments [Crews and Cooper, 2014b], 




Confining stress oscillation data and resulting excess pore fluid pressures [Crews 
and Cooper, 2014b] were compared to the results generated by (7) in response to the 
same confining stress oscillations applied to the Berea core. The results of six periods of 
sinusoidal confining stress oscillations in the amplitude and frequency range of seismic 
forcing recorded at Long Valley caldera, California, and Parkfield, California, due to the 
Landers Rayleigh wave are shown along with measured pressure changes in the core 
scale experiment [Crews and Cooper, 2014b], measured water level rise in Parkfield and 
Long Valley caldera, and the model predictions in Fig. 2. 
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Figure 2. Plots of excess pore fluid pressure data from [Crews and Cooper, 2014b] and 
model predictions, in cm of freshwater, caused by CO2 bubble growth during 0.05-0.30 
Hz confining stress oscillations in a Berea sandstone core. The dashed horizontal lines 
indicate the water level rise in the Bourdieu Valley well 20 km northwest of Parkfield, 
California, (top two) and the CW-3 near the Long Valley caldera, California, (bottom 




The model (7) with parameters listed in Table 1 and Table 2 tends to under-
estimate the pressure rise for the confining stress oscillations carried out by Crews and 
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Cooper [2014b], even with re-dissolution turned off by setting a’ = 0. Increasing a to 
values as high as 1.9 improves the match at high frequency and low amplitude, but also 
overestimates the pressure increase by an order of magnitude at low frequency and high 
amplitude. The model (7) does not reproduce the frequency-dependence seen in the data, 
and isn’t expected to as no such effects were included in the model. Though setting 
α ≠ 0 in (7) is one way to handle the frequency dependence, doing so inserts an ad hoc 
feature into the model, which otherwise responds directly to changes in confining stress 
and the instantaneous saturation with respect to dissolved CO2. The model (7) with α = 0  
can be applied to a confining stress excursion of arbitrary form, but the inclusion of an 
explicit frequency- or amplitude-dependent term in (7) limits application of the model to 
a single Fourier component of a sinusoidal oscillation. It is important for the purpose of 
the present study to develop a model that can respond to an arbitrary confining stress 
excursion because the confining stress excursions carried out by Crews and Cooper, 
[2014b] exhibit variations in amplitude between cycles and because a real seismic wave 
is a superposition of more than one Fourier component. 
 The model results generated by (7) are a relatively poor match to the data, making 
(7) with the current choice of parameters a relatively weak predictive tool. The downward 
trend in the model prediction with increasing frequency is expected because high-
frequency oscillations result in shorter intervals of super-saturation than lower 




Figure 3. Conceptual plot of confining stress and pore fluid pressure oscillations on 
Berea sandstone core flooded with aqueous CO2. Lower frequency confining stress 
oscillations (left) result in longer periods during which bubble pressure exceeds the pore 
fluid pressure, indicated by gray bands on the time axis, than higher frequency 
oscillations at the same amplitude, initial pore pressure, and bubble pressure (right). 
 
The opposite trend in the data suggests that the system “remembers” that it was super-
saturated, meaning that bubble nucleation and growth may persist even when the 
instantaneous saturation with respect to CO2 returns to a value less than unity. The 
limitations of the numerical model, however, highlight the limitations of the kinetic 
model on which it is built. In particular, (7) must be modified to include a 
depressurization-rate-dependent term to reflect the frequency dependence in the data. 
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where the pressure reduction due to dissolution is assumed to be rate-independent, and 
the explicit frequency and amplitude dependence in (7) has been removed. 
 The parameter values a = 0.1 and a’ = 0.5 seem to indicate that the reaction 
CO2(g) + H2O(l)àH2CO3(aq) is faster than H2CO3(aq) àCO2(g) + H2O(l), when, in fact, 
the opposite is true. The seemingly high rate of dissolution in Fig. 1 actually depends on 
how much gas phase is present to begin with and also on the pressure to which the two-
phase system is subjected. For example, if the confining stress in Fig. 1 was restored 
earlier, less gas phase would have evolved, and restoration of the confining stress, 
consequently, would result in less pore fluid overpressure and slower re-dissolution. Had 
there been less gas in the pore space when the confining stress recovery occurred, the 
excess pore fluid pressure would have been smaller, and the dissolution rate would 
appear slower than the pressure buildup rate, as expected. Since the dissolution rate 






We numerically simulated the buildup of pore fluid pressure from CO2 gas phase 
evolution in a Berea sandstone core using a simple, first-order kinetic model calibrated on 
outgassing and dissolution data from the same physical system. We assumed that CO2 gas 
dissolved infinitely slowly compared to the rate at which the aqueous-to-gas phase 
transition proceeds. The model tends to underestimate the excess pore fluid pressure that 
develops as a result of gas-phase evolution, particularly at higher frequencies of 
confining stress oscillation, suggesting the need to include a rate-dependent term and to 
account for CO2 mass balance effects on the instantaneous bubble pressure. A more 
refined model should also modify the fluid compressibility cf  and Skempton’s 
coefficient B in each time step. 











⎠⎟ Δt      (9) 
where Z is the compressibility factor of CO2 gas, which is a function of temperature and 
pressure, R is the universal gas constant, T is the gas temperature (which we have 
assumed does not change due to heat of solution effects, though the reaction H2CO3(aq) 
à CO2(g) +H2O(l) is exothermic), and V is the volume of the evolved gas phase, which 
we have also assumed to remain constant in (9). There are two contributions to the time-
rate-of-change of the number of moles of CO2 in the gas phase, a positive contribution 
from bubble production and a negative one from dissolution (the two rates are equal at 
equilibrium), and these are defined by the forward and reverse rate laws and rate 







    (10) 
where yCO2 is the mole fraction of CO2 in the gas phase, which is typically much larger 
than the water vapor mole fraction in the gas phase, so yCO2 = 1  is a reasonable 
approximation [Spycher et al., 2003]. The variable φCO2  is the fugacity of CO2 in the gas 
phase, p is pressure, and pΘ  is a standard pressure. With the assumptions mentioned, 



















Δt   (11) 
Explicit handling of changes to Z, T, V, and the area of the interface between the gas and 
liquid phases may also be necessary to accurately model the pore fluid pressure response. 
 Neither the simplified model (7) constructed in the present study nor the more 
complete model (11) contain a depressurization-rate-dependent term, indicating that the 
dynamics of pore pressure buildup in a Berea sandstone core flooded with aqueous CO2 
is not completely described by first-order kinetic models. Other effects, such as periodic 
bubble snap-off at pore throats [Zuo et al., 2013] and from gas cavities acting as bubble 
nucleation sites [Jones et al., 1999] may contribute to the frequency dependence observed 
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Summary and Conclusions 
 Remotely triggered secondary earthquakes and co-seismic changes in borehole 
water levels could be two expressions of a pore fluid pressure increase caused by the 
growth of CO2 gas bubbles in confined aquifers in response to the propagation of 
dilational seismic waves. Co-seismic borehole water level rise and remotely triggered 
seismicity are both linked to diffusion of a localized pore pressure increase, which has 
been attributed to several possible mechanisms. The present study is the first to 
hypothesize that the pore fluid pressure increase is due to gas bubble growth in confined 
aquifers. Co-seismic water level drops have been attributed to the mobilization of pore-
clogging gas bubbles. The present study is the first to suggest that gas dissolution during 
seismically generated pore fluid pressure oscillations can cause the water level drops. The 
magnitudes and timescales of pore pressure changes observed in the present study 
indicate that seismically initiated gas bubble growth cannot be ruled out as a potential 
mechanism. Observations of high pore fluid compressibility in some aquifers that exhibit 
co-seismic borehole water level response, in addition to elevated surface CO2 fluxes and 
a correlation between remotely triggered seismicity and proximity to volcanic and 
geothermal sources further suggests that the mechanism described in the present study is 
reasonable and comprises at least one component of some of the observed phenomena. 
Experiments were conducted to visualize the nucleation and growth of CO2 gas 
bubbles in groundwater and to quantify the excess pore fluid pressure that develops as a 
result of the evolution of the gas phase under confined conditions. Sustained gas-phase 
production was observed in response to very short duration mechanical disturbances in a 
simulated fracture.  
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Excess fluid pressure as large as 0.7 MPa (100 psi) developed in response to a 
rapid drop in confining stress on a Berea sandstone core flooded with initially under-
saturated aqueous CO2. The excess fluid pressure did not exceed the initial pore fluid 
pressure, but recovery of the confining stress to the pre-drop value resulted in pore fluid 
pressure 0.28 MPa (41.2 psi) higher than the pre-drop value, indicating that CO2 gas 
bubble growth in response to static stress drops and aseismic slip might explain why 
some boreholes respond to static stress changes with water level changes that have the 
wrong sign or magnitude [Roeloffs et al., 1995].  
Confining stress oscillations on a Berea sandstone core flooded with initially 
under-saturated aqueous CO2 resulted in excess pore fluid pressure consistent with 
borehole water level rises observed in response to the June 28, 1992 MW 7.3 Landers, 
California, earthquake. The dynamic strain in the 0.05-0.30 Hz frequency band recorded 
by borehole instruments at Parkfield, California, and Long Valley caldera, California, 
when applied to the Berea sandstone core, yielded water level changes that are identical 
within the experimental uncertainty to observed water level changes. This experimental 
result confirms the hypothesis that CO2 gas bubble nucleation and growth in confined 
aquifers containing water that is nearly saturated with respect to dissolved CO2 is a 
reasonable mechanism to explain co-seismic borehole water level rise.  
The water level changes observed at Parkfield, California, Long Valley caldera, 
California, and elsewhere can potentially be caused by several processes, including 
seismically initiated carbon dioxide bubble growth in the saturated zone. Strain transients 
recorded by borehole instruments in the days following co-seismic borehole water level 
rise might result from pore fluid pressure buildup. In cases where post-seismic dilational 
 109 
strain is observed in conjunction with co-seismic borehole water level rise, CO2 bubble 
growth as a result of a drop in confining stress can explain why the water level goes up 
when it’s expected to drop. The timing of co-seismic borehole water level rise, beginning 
immediately after the passage of a dilational surface wave and building to a maximum 
over days before relaxing to pre-earthquake levels over months, suggests diffusion of an 
elevated pore fluid pressure pulse toward the wellbore. The time delay is dependent of 
the diffusivity of the aquifer and scales approximately as  tdelay  L
2 / c , where c is the 
aquifer hydraulic diffusivity and L is the distance from the source point to the well 
[Roeloffs et al., 2003]. Uncertainty in the horizontal hydraulic diffusivity inserts 
uncertainty in the distance to the source of the pressure pulse driving co-seismic borehole 
water level changes in the field. Similarly, a drop in pore pressure caused by dissolution 
of pre-existing non-aqueous gas cavities by sinusoidal perturbation of the pore fluid 
pressure may account for some of the observed co-seismic drops in borehole water levels. 
A localized drop in pressure will diffuse to the wellbore at a rate limited by the hydraulic 
diffusivity. The observation by Roeloffs et al. [2003] that the character of co-seismic 
water level change in a given well is self-similar when scaled for seismic magnitude and 
distance is consistent with a conceptual model in which the magnitude of the pressure 
pulse at a fixed distance from the well depends on the seismic energy delivered to a gas-
rich region of the aquifer. 
The production of a gas phase in an aquifer can affect water quality and supply, as 
evidenced by the bubbles that clogged filter in San Bernardino municipal wells. 
Remotely triggered earthquakes, like primary earthquakes, can cause damage to 
structures. Both of these phenomena have potential economic impacts, and an accurate 
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model capable of predicting the magnitude and likelihood of the their effects is appealing 
for purposes of risk assessment and hazard mitigation. Further studies are needed to 
assess and catalog down-hole dissolved CO2 concentrations and gas-phase saturation, 
particularly in locations that exhibit co-seismic borehole water level rise and remotely 
triggered seismicity. This data, along with an accurate numerical model that incorporates 
depressurization-rate-dependence can be deployed to estimate changes in pore fluid 
pressure and effective stress reductions due to past seismic events and future theoretical 
seismic events. 
Further experimental work is needed to establish the degree of influence that CO2 
bubble growth may have on remotely triggered secondary seismicity. Changes in gas-
phase saturation in and near remotely triggered faults inferred from judiciously timed 
aquifer tests or high-resolution monitoring of aquifer response to tidal strain may provide 
a means of testing the mechanism. Continuous real-time monitoring of borehole water 
levels coupled and co-located seismic data, down-hole dissolved CO2 saturation, gas-
phase saturation, and gas-phase CO2 flux from the land surface and from boreholes can 
be used to resolve the timing and cause of remotely triggered seismicity.  
Micro-model experiments have been used to study CO2 bubble growth in 
supercritical CO2 [Zuo and Benson, 2013] under flowing conditions representative of a 
geologic CO2 repository. Analogous experiments could be used to interrogate the discreet 
nature of bubble nucleation and growth in non-flowing conditions at lower pressure to 
represent a confined aquifer. Oscillation of the pore fluid pressure at different amplitudes 
and frequencies in a micro-model visualization experiment may reveal features of the 
bubble growth mechanism that could shed light on the frequency dependence observed in 
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the confining stress oscillation experiments conducted on a Berea sandstone core. Micro-
model visualization may also yield insight into the mechanism causing pore fluid 
pressure to drop in response to confining stress oscillations at some frequency-amplitude 
pairs. Further experimental studies on the effects of pore fluid pressure oscillation at 
higher frequencies are needed to determine the full character of the frequency response. 
Confining stress oscillations at frequencies above 0.30 Hz requires modification of the 
experiment to reduce the volume of confining fluid, and possibly may require a pump 
motor and piston with lower inertia. At 0.30 Hz, the 0.4 MPa confining stress oscillation 
exhibited full amplitude on the peaks, but the troughs were clipped to ~0.3 MPa because 
the pump motor, piston, and confining fluid, which behave as a damped, driven harmonic 
oscillator, were being driven at a frequency that is different from the system’s natural 
resonant frequency. Additional experiments should be conducted to measure the response 
to confining stress drops and oscillations in other rock types with the same pore fluids 
used in the present experiments. 
The parameters selected in the core-scale experiments were chosen to 
simultaneously optimize and balance factors such as pressure transducer sensitivity, 
maximum pressure transducer rating, and the effective stress value at which the core 
jacket seal was compromised. More accurate transducers, for example, typically require 
the system to operated at lower pressure, which narrows the window of the effective 
stress range in which the core jacket maintains a seal. 
Detailed mapping and contouring of the saturation with respect to dissolved CO2 
in an aquifer could be used in conjunction with an accurate predictive numerical model to 
predict hydrologic and hydro-mechanical effects on the basin-scale. Such effects might 
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include changes in local hydraulic gradients that affect groundwater flow and supply. 
Acoustic detection of gas bubbles in boreholes may provide a means of further 
confirming the influence of seismically initiated gas bubble growth in groundwater. 
 Gas bubble nucleation and growth in groundwater has potentially significant 
influences on hydromechanical coupling and multi-phase flow. Gas bubble growth in the 
saturated zone may enhance liquefaction due to the propagation of dilational seismic 
waves. Gas-phase evolution presents a mechanism for the mobilization of gas-phase CO2, 
which can reduce the relative permeability of the liquid phase. Carbon dioxide gas bubble 
nucleation and growth in the saturated zone can have important effects on water supply 
and human safety. Inclusion of the associated effects on pore fluid pressure in models 
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